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ABSTRACT 
Synthesis and Characterization of Photoactive Amorphous Molecular and 
Polymeric Pyridinium Materials  
by 
 
Alexi Kamenov Nedeltchev 
Dr. Pradip K. Bhowmik, Examination Committee Chair 
Department of Chemistry 
University of Nevada  Las Vegas 
  
Pyridinium materials both molecular and polymeric are interesting class of 
multifunctional electrolytes and polyelectrolytes, which exhibit liquid-crystalline and 
light-emitting properties. Moreover, their properties could be easily tuned simply by 
modifying the chemical structures of counterions.  
In this dissertation, we described the preparation and analysis of new ionic molecular 
materials based on bis(pyridinium salt)s and a new class of poly(pyridinium salt)s with 
various heterocyclic moieties in their backbones with various organic counterions. They 
were prepared by either ring-transmutation reaction or by metathesis reaction. Their 
chemical structures were confirmed by FTIR, 1H and 13C NMR spectroscopy and 
elemental analysis. They had excellent thermal stability comparable to many high 
performance polymers and high glass transition temperatures. These materials had good 
solubility in common organic solvents and, therefore, they could be efficiently processed 
into thin films and fibers. In some cases, the solubility of poly(pyridinium salt)s in 
organic solvents exceeded critical concentrations above which they exhibited lyotropic 
iv 
 
liquid-crystalline phases as determined with POM studies. The light-emission properties 
of these materials were examined by spectrofluorometry in both solution and film states. 
Their quantum yields were also assessed. The morphologies of films and hand-drawn 
fibers from both molecular and polymeric materials were thoroughly studied with POM, 
XRD, SEM and TEM techniques. These materials could be good candidates for high 
performance applications in the field of optoelectronics. 
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CHAPTER 1 
INTRODUCTION 
Multifunctional materials that combine physical properties like good thermal and 
chemical stability, high glass transition temperatures, solubility in common organic 
solvents, light emission and liquid crystallinity are of interest for applications ranging in 
opto- and microelectronics among others.  
1.1 Light Emitting Materials and Their Applications 
Since the discovery on photoluminescent compounds they have found applications as 
fluorophores, used for the detection of cell membranes, proteins and DNA,1 sensor for 
heavy metals,2 and most recently as light-emitting layers in organic semiconductors.3-7 
The first reports of electroluminescence in organic materials date back to 1963, where 
Pope discovered light emission in anthracene crystals through application of high 
currents (> 400 V).3a Even though there were a few reports repeating and improving 
Pope’s findings, it was not until the Tang and VanSlyke found organic 
electroluminescence with low DC currents and high brightness.3b Following this report 
organic light emitting diodes (OLEDs) received a lot of attention by both the industry and 
the academia for development of new multicolored display technology. Compared to 
LCD screens, OLED technology has numerous advantages. They are thinner, they 
consume less power, they have viewing angles of almost 90°, they exhibit true black 
color and they have very fast response time (ca. 1 ns). Since then the research on light 
OLEDs grew exponentially. In 1990, poly(p-phenylene vinylene) (PPV) was introduced 
as efficient light emitting polymer  for OLEDs.3c
 
 Even though to make a polymer in high 
purity is a difficult task, it is advantageous over molecular materials in the sense that it is 
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easier to process into films by either spin coating or ink-jet printing technique. In 1992, a 
concept for flexible displays was introduced based on soluble PPV.3d,e Following these 
key steps, numerous materials and their chemical structural modifications regarding their 
solubility, color purity and stability were described in the literature and were extensively 
reviewed.4,5 Although the research focus was on development of OLEDs, other novel 
optoelectronic devices were also introduced. Light-emitting electrochemical cell (LEC) is 
another type of solid state electroluminescent device that is similar in nature to OLEDs. It 
has the identical low turn-on voltages but unlike OLEDs it is insensitive to the thickness 
of the device, it is independent of the work function of the electrodes and relies on ion 
conduction.6 Another interesting device that has been developed recently is organic filed 
effect transistor (OFET) with light emitting properties.7 Organic light emitting materials 
have also been seriously considered as materials for laser technology.8 In this section, a 
brief historic developments of light emitting materials and some of their key applications 
have been probed. In the next section, the mechanism of operation and the development 
of charge transporting materials are discussed. 
1.2 Charge Transporting Materials 
Photoluminescence is a process where electrons of a substance are excited by a 
photon of light, to π* excited state, which is subsequently relaxed to result in light 
emission. On the other hand, electroluminescence is a similar phenomenon but the 
excitation is generated by electric current. Organic light emitting diodes (OLEDs) are 
constructed by sandwiching hole-transporting, electron transporting and emissive layers 
between a cathode and an anode. Hole-transporting layer (HTL) inserts holes from the 
anode and also functions as an electron blocking layer (EBL) to block the escape of 
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electrons to the anode. On the other side, electron transporting layer (ETL) inserts 
electrons from the cathode and also serves as hole blocking layer (HBL) preventing the 
escape of holes to the cathode. The charges are being transported through the layers to 
form an exciton in the emissive layer. Upon annihilation, the electron is recombined with 
the hole to result in an emission of a photon.4  
1.2.1 Hole Transporting Materials 
Hole transporting materials (HTMs) have to be electron rich and be able to sustain 
positive radicals (holes). In 1987, the initial report of low voltage electroluminescence 
used a material bearing triphenyl amine (TPA) like moiety in order to facilitate the hole 
injection from the anode.3b Since TPA has low ionization potentials a wide variety of 
molecular and polymeric materials bearing TPA structures have been prepared and 
successfully incorporated in functional OLEDs. N,N'-diphenyl-N,N'-bis(4-
methylphenyl)-[1,1'-biphenyl]-4,4'-diamine (TPD) and triphenyl  amine tetramer (TPTE) 
are common examples of molecular materials.9 Hole transporting polymers include 
poly(vinyl carbazole) (PVK),10a poly(methyl phenyl silane) (PMPS)10b as well as the 
families of conjugated polymers like poly(p-phenylene vinylene) (PPV), poly(p-
phenylene) (PPP), and polyfluorenes.5 Other examples of hole transporting polymers 
include polyamides, polyimides and polyesters with TPA moieties.11 
1.2.2 Electron Transporting Materials 
To achieve efficient electron injection and mobility as well as hole blocking activity 
electron deficient moieties are required to attract electrons from the cathode as potential 
materials for ETLs. Various moieties such as oxadiazole,12a azole,12b benzobisazole,12c 
benzothiadiazole,12d pyridine,12e quinoxaline,12f quinoline,12g and anthrazoline12h have 
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been utilized in both molecular and polymeric candidates. They have been reviewed 
rigorously by Jenekhe et al.13 Among these nitrogen containing compounds, oligomers 
and polymers have attracted attention. They contain an electron deficient moiety such as 
pyridine or quinoline in their main chains or side chain thereby, facilitating the electron 
transportation.13-15 Furthermore, a color tuning of their emission could be achieved by 
protonation of the nitrogen heterocycle.12f,14b,c Polyquinolines,15a,c polyquinoxalines15b 
and polyanthrazoline15c are typical polymers that have been explored as ETLs. Despite, 
their excellent good charge transporting properties they have not found a practical 
application because of their low quantum yields, low solubility in common organic 
solvents and their difficult processability.3 Various molecular compounds have also been 
explored as a potential materials based on distyrylarylenes,16a anthracenes,16b 
spirobifluorenes,16c metal chelates,16d and siloles15e. Even though, many of these systems 
seem promising for OLED applications they are mostly crystalline, which limits their use. 
Moreover, they have to be processed through vapor deposition, which is an elaborate and 
expensive technique. Several quinoline based oligomers bis(biphenyl)-4-
phenylquinolines,17a bis(phenylquinoline)- 1,4-phenylenes,`17b bis(pyrenyl)-4-
octylquinoline)17c are demonstrated  as a prospective n-type semiconductors. They have 
been reported to have good thermal stability, satisfactory blue commission Internationale 
de L’Eclairage (CIE) coordinates and tunability of light emission through protonation.17  
1.2.3 Ambipolar Materials 
Emissive layer in OLEDs is located between the HTL and the ETL. The light 
emission can occur by either recombination in the interface between the two layers or an 
additional layer with ambipolar character is added where both hole and electrons can 
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reside. Ambipolar materials are based on a donor-acceptor (D-A) architecture therefore 
the exciton probability is increased, while light emission is achieved through 
intermolecular charge transfer (ICT). To produce a successful D-A architecture, HT and 
ET moieties have been combined in both molecular18 and polymeric19 systems. Other 
approaches include employment of alternating copolymers, blends and multilayers.20 
Using ambipolar materials is beneficial since they do not undergo a reductive degradation 
unlike single transporting materials, which would increase the lifetime of the device. 
Additionally, they can be made into single layer devices that can pass both AC and DC 
currents unlike single layered transporting materials that are limited to only DC current. 
They are also independent on the work function of the electrodes. Because of these 
unique properties they are considered as good candidates for symmetrically configured 
alternating-current light-emitting (SCALE) devices.21 To develop successful D-A 
architectures various electron-withdrawing and electron-donating groups have been 
coupled in different arrangements in both molecular materials and polymers. Examples of 
pairs in molecular materials include carbazole-quinoline,18a TPA-quinoline,18b TPA-
quinoxaline,18b and among others. On the other hand, examples of polymeric materials D-
A arrangements include TPA-oxadiazole,19b thiophene-thiadiazole,19c carbozole-
quinoline19d and phenothiazine-quinoline pairs.19d 
1.3 Amorphous Materials 
Below the freezing point of a compound or a polymer the molecular motions slow 
down dramatically and if the liquid is cooled down fast enough crystallization may be 
avoided resulting in an amorphous state of mater. Solid amorphous materials, also 
referred to as supercooled liquids, are in state of thermodynamic nonequilibrium and 
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therefore exhibit glass transitions.22 Glassy state of materials is in many cases preferred 
over crystalline, polycrystalline or liquid crystalline states since it is easier to process into 
films and fibers, it is transparent, it has homogeneous properties, it has no grain 
boundaries and it has higher quantum efficiencies.22-23 There are two types of amorphous 
materials, molecular and polymeric ones. Most of the polymers vitrify easily since 
inherently they have higher molecular weights than molecular compounds, which can 
readily prevent crystallization. On the other hand, glassy molecular materials are often 
more difficult to prepare since most small molecules tend to crystallize easily upon 
cooling. To form stable glassy materials certain structural characteristics must be met for 
both molecular and polymeric materials. In their reviews, Shirota et al. has identified a 
few general structural properties that are found to promote glassy state and increase the 
glass transition temperature. Large molecular size, rigidity, asymmetricity and presence 
of bulky substituents are the general guidelines that need to be met to make amorphous 
materials.23a-c Typical morphologies include twin, star-shaped, spiro-linked and branched 
shapes.23d A few molecular examples representing these morphologies are sipro-8Φ,24a 
4,4΄,4΄΄-tris(N-carbazolyl)triphenylamine (TCTA),24b and N,N΄-di(1-naphthyl)-N,N΄-
diphenyl-[1,1΄-biphenyl]-4,4΄-diamine (α-NPD).24c Examples of amorphous polyamides, 
polyimides and polyesters are also described in the literature extensively.11 
1.4 Organic Ionic Compounds and Polymers 
Numerous organic ionic compounds have been developed as ionic liquids, both protic 
and aprotic. Due to their unique solvating properties, low vapor pressure and low toxicity 
they have found many applications as reaction solvents, lubricants, and extractors.25 Most 
7 
 
recently they have been investigated as potential drugs since they lack the phenomenon 
of polymorphism at room temperature.26 Even though, there is a plethora of these organic 
salts, some ionic compounds have been considered as solid-state ion conductors, since 
they have exceptional ion conductivity properties, for the preparation of electrolyte 
membranes.27 On the other hand, ionic polymers  are interesting for the preparation of 
multilayered nanoassemblies.28 Layer-by-layer assemblies were successfully produced on 
both substrates28a,d or freestanding films28b,c with appropriate polyanions and polycations 
via either dipping28a,b or spin-coating28c,d method. The advantage of these molecular 
assemblies is that they combine the physical properties of each component they are made 
of. This way the nanocomposites can effectively be fine tuned for the appropriate 
application they are used in. The substrate assemblies have been considered for 
fabrication of OLEDs, optics, sensors and smart coatings.29 Thin freestanding membranes 
show promise for highly sensitive thermal, pressure and acoustic sensors.28c,30 
 
1.5 Main Chain Ionic Polymers 
First examples of main chain ionic polymers are polyviologens and poly(xylyl 
viologens). They were prepared through Menshutkin reaction.31a These polymers 
received some attention since they were brightly colored and exhibited thermochromic 
properties. Unfortunately, they had poor thermal stabilities and low solubilities in 
common organic solvents.31a By introducing organic counterions like tosylate and 
triflimide their physical properties were dramatically improved. They had solubility in 
wide variety of solvents and their decomposition temperatures were improved 
significantly.  Additionally, these polymers exhibited both lyotropic and thermotropic 
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liquid crystalline properties and photoluminescence in both the solution and the thin film 
states.31b,c The other type of main-chain ionic polymers are poly(pyridinium salt)s. They 
are commonly made through ring-transmutation polymerization reaction.32-33 Katriztky et 
al. first reported this class of polymers. Their inherent viscosities were quite low, even for 
conjugated polymers. These results suggested that their molecular weights were low, 
which impacted their physical properties.32a Harris et al. were able to improve the 
methodology of the polymerization reaction employing DMSO as a solvent and, thereby, 
to produce high molecular weights of the poly(pyridinium salt)s.32b These polymers had 
interesting optical properties that were analyzed in detail.32c Even though, the reaction 
conditions were successfully determined these polymers showed limited solubility to only 
high boiling solvents and only moderate thermal stability, which were highly dependent 
on the chemical structures of the counterions. The solubility and thermal stability were 
improved by using organic anions as counterparts for their polycationic chains.32d-f,33 Our 
group has continuously explored the behavior and properties with various aromatic and 
aliphatic moieties in these class of main-chain ionic polymers.33 Poly(pyridinium salt)s 
exhibited photoluminescence properties in organic solvents of wide range of polarity as 
well as thin solid films. Their light emission ranged from UV to green light.33 Moreover, 
they are amorphous having glass transitions Tg > 150 °C for even polymers with 
oxyalkylene units in their main chains, which is a desirable quality for many applications 
(vide supra).33g-h These ionenes are thermally robust with decomposition temperatures 
(Td) > 400 °C for fully aromatic polymers33a-e and Td > 200 °C for polymers with alkyl or 
oxyalkylene moieties.33f-h Furthermore, they have been found to have liquid crystalline 
properties thermotropic (in melt), lyotropic (in solution) and amphotropic (both in melt 
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and in solution).33 Poly(pyridinium salt)s combine interesting physical properties that are 
desirable for various opto- and microelectronic applications. High thermal stability and 
liquid crystalline properties make these polymers high performance materials that can 
withstand harsh operating conditions. Light emitting properties, good thermal properties 
makes these polymers as potential candidates for OLEDs. Since they are polycationic, 
they could also serve as materials for LECs. Their excellent solubility in organic solvents 
in conjunction with their ionic character makes poly(pyridinium salt)s as potential layers 
for multilayered polyeletrolyte nanoassemblies. Recently, it has been demonstrated that 
these polymers with calyx[4]arene segments could be used as biosensors for the detection 
of DNA.34 Scheme 1 displays some of the representative main-chain ionic polymers 
including viologen and poly(pyridinium salt)s and Scheme 2 displays some of the 
representative  π–conjugated polyelectrolytes, also referred to rod-like or rigid-rod 
polyelectrolytes. These are characterized by a π–conjugated backbone and functional 
groups that ionize in high dielectric media, thereby making the polymers soluble in water 
and polar organic solvents. Both cationic and anionic polymers have been synthesized 
during the last decades, with a major share of cationic polyelectrolytes. 
10 
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Figure 1. Some of the representative chemical structures of main-chain ionic polymers. 
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Figure 2.  Some of the representative chemical structures of π–conjugated 
polyelectrolytes. 
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CHAPTER 2 
OBJECTIVES 
The objective of this dissertation was to synthesize and characterize a new series of   
both amorphous bis(pyridinium salt)s and poly(pyridinium salt)s with various 
heterocyclic moieties and different bulky organic counterions. Since it is known that 
nitrogen based heterocycles increase the decomposition temperatures of organic 
materials, these new materials were targeted to have good thermal stabilities and high 
glass transition temperatures. Even though, most of these materials consisted of many 
aromatic moieties in their chemical structures, but because of their ionic charges in their 
structures they were expected to retain high solubility in common organic solvents. Their 
molecular structures were judiciously modified in order to assess properly the effect of 
these chemical structures on the solution properties including lyotropic LC properties. 
Moreover, heterocyclic moieties would influence their optical properties in both the 
solution and solid states, since materials based on quinoline and pyridine units are known 
to act as electron transporting layers13-15 as well as fluorophores with tunable light 
emitting properties.12f,14b,c In each chapter a more specific objective was provided in order 
to address adequately for the particular study of interest.  
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CHAPTER 3 
EXPERIMENTAL METHODS 
3.1 Ionic Molecular Materials Synthesis  
3.1.1 Synthesis of Ionic bispyridinium tosylate salts  
They were prepared by the ring-transmutation reaction of bis(pyrylium salt) with two 
equivalents of a specific amine in dimethyl sulfoxide (DMSO) on heating to a 
temperature of 100-130 °C overnight.   
3.1.2 Synthesis of Ionic bispyridinium salts 
They were prepared by the metathesis or exchange reaction of bispyridinium tosylate 
salt with the respective lithium or sodium salt of organic counterions in a common 
organic solvent.  
3.2 Polymer Synthesis  
3.2.1 Synthesis of tosylate polymers 
The bis(pyrylium) salt was reacted with appropriate diamine through a ring-
transmutation polymerization reaction to yield each of the desired polymers. Both the 
monomers of equal molar ratio were placed in three-necked, round bottomed flask 
equipped with magnetic stirrer in DMSO. About 5mL of toluene was added to distill the 
water generated in the reaction via the formation of a toluene/water azeotrope; this 
distillation was facilitated by using a Dean Stark and water condenser. The temperature 
was monitored and adjusted to 130-135 °C with a mercury thermometer. The reaction 
was kept under nitrogen for 48 h. Upon completion the reaction mixture was allowed to 
cool down to room temperature. The DMSO was subsequently removed from the reaction 
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mixture in vacuo to form a viscous polymer solution. It was then poured into water to 
precipitate the polymer, which was then filtered to collect it. It was additionally washed a 
few times with boiling water to remove DMSO completely. The resulting polymer was 
dried in vacuo at 110 °C for 72 h. 
3.2.2 Synthesis of triflimide polymers 
Triflimide polymers were prepared by a metathesis reaction with the respective 
tosylate polymers with excess lithium triflimide salt in DMSO at 50 °C for 48 h. Upon 
completion of the metathesis reaction, the solvent DMSO was reduced under vacuum to 
form a viscous solution, and it was then poured into water to precipitate out the polymer.  
This procedure was repeated one or two times until all the tosylate counterions were 
exchanged to triflimide counterions; the completion of exchange reaction was monitored 
by 1H NMR spectroscopy. After the final precipitation, each polymer was washed 
extensively with boiling water to remove any residual organic salts and entrapped 
DMSO. After this, it was dried in vacuo at 110 °C for 72 h.  
3.3 Characterization of Ionic Molecular Materials and Polymers 
The 1H and 13C NMR spectra were recorded with a Varian NMR 400 spectrometer 
equipped with three RF channels operating at 400 MHz and 100 MHz, respectively. Ionic 
polymer solutions were prepared by dissolving 35-40 mg of polymers per milliliter of d6-
DMSO with TMS as an internal standard. Similarly, spectra of bispyridinium salts were 
recorded essentially identical conditions.  FTIR spectra were recorded with a Shimadzu 
spectrometer. Polymer samples were prepared by coating NaCl plates with polymers and 
subsequently vacuum dried at 70 °C overnight. Similarly, the FTIR spectra of 
bispyridinium salts were also recorded with same spectrometer. The phase transition 
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temperatures of ionic polymers or bispyridinium salts were measured using a TA 2100 
differential scanning calorimetry (DSC) in nitrogen at heating and cooling rates of 10 
°C/min. The temperature axis of the DSC thermogram was calibrated before use with 
reference standards of high purity indium and tin before use. Polymer samples of 8-10 
mg were used in these measurements. Thermal stability of each of synthesized polymers 
or bispyridinium salts was analyzed through thermogravimetric analysis (TGA) using TA 
2100 instrument at a rate of 10 °C/min under nitrogen using samples no less than 10 mg. 
The LC properties both lyotropic and thermotropic were assessed using a polarized 
optical microscope (POM) Nikon Labophot 2 equipped with crossed polarizers and hot 
stage. The UV-Vis absorption spectra of either ionic polymers or pyridinium salts in 
various organic solvents were recorded using Varian Cary 50 Bio UV-Visible 
spectrophotometer in quartz cuvettes. Their photoluminescent properties in both solution 
and film states were analyzed using a Perkin Elmer LS-55 luminescence 
spectrophotometer. Quantum yields were analyzed by adjusting the solution absorption 
using the UV-Vis to ca. 0.05 at 350 nm wavelength. The output was then measured using 
the luminescence spectrophotometer at the same wavelength and compared it to known 
9,10-diphenylanthracene standard using eq. 1:  
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φ
  
is the fluorescence quantum yield, I is the absorption of the excitation wavelength, A is 
the area under the emission curve and η is the refractive index of the solvents used. 
Subscript std denotes the standard while subscript unk denotes the unknown.37 To assess  
molecular weights and molecular weight distributions  of synthesized ionic polymers,  gel 
permeation chromatography (GPC) was run at 50 °C with a flow rate of 1 mL/min. The 
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GPC has connected with Water 515 pump together with Viscotek Model 301 Triple 
Detector Array. The array has a laser refractometer, a differential viscometer, and a light 
scattering detector both right angle laser light scattering (RALS) and low angle laser light 
scattering (LALS) in a single instrument with a fixed interdetector and temperature 
control that can be regulated up to 80 °C. The instrument was calibrated with a pullulan 
standard of P-50 obtained from Polymer Standard Services USA, Inc. Separations were 
accomplished using ViscoGel I-MBHMW-3078 columns purchased from Viscotek. An 
aliquot of 100 - 200 µl of 2 mg/mL of each of the polymer solutions in DMSO containing 
0.1 M LiBr was injected with a syringe. The dn/dc values were estimated by injecting 
different volumes to assess the trend. All data analyses were performed by using Viscotek 
TriSEC software. The X-ray diffraction studies were performed on finely ground powder 
samples with a PANalytical X'PERT Pro X-ray diffraction spectrometer using Cu Kα 
radiation ( λ = 1.5418 Å) as a X-ray source operating at 45 kV and 40 mA. The scanning 
electron microscopy (SEM) images of fibers drawn from the melts of ionic polymers and 
bispyridinium salts were taken with the JXA-8900 SuperProbe. The transmission electron 
microscopy (TEM) studies were performed by using a TECNAI-F30-Super-twin TEM 
instrument operating at 300 KV field emission mode. For TEM study, a drop of dilute 
solution of a specific polymer or a bispyridinium salt in a chosen organic solvent was 
deposited on an electron microscopy copper grid coated with carbon film and the organic 
solvent was evaporated off at room temperature. The calculation of molecular length 
along the long axis of bispyridinium salt was performed using the program of ChemDraw 
combining energy minimized MM2 calculations. 
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CHAPTER 4  
HIGH PERFORMANCE PHOTOACTIVE IONIC AMORPHOUS MOLECULAR 
MATERIALS BASED ON BIS(PYRIDINIUM SALT)S 
4.1 Objective  
In this chapter we demonstrate a series of bis(pyridinium salt)s that combine 
amorphous character with electrostatic charges to form high performance ionic 
amorphous molecular materials. They have excellent thermal stabilities that are as high as 
461 °C, which are comparable to those of high performance polymers. They exhibit high 
glass transition temperatures that are desirable for most applications and can be 
effectively tuned by modifications of either the dications or the anions. Since they have 
good solubilities in a wide range of common organic solvents, they can be processed 
efficiently into thin films and fibers from their melts and/or solutions. Additionally, they 
emit blue or green light in both the solution and solid states. We believe that this series of 
materials is the cornerstone that would open a new field in materials science. Their 
structures and synthesis, of this class of bis(pyridinium salt)s, are outlined in Figure 3 and 
Figure 4, respectively. 
4.2 Synthetic Procedures  
4.2.1 Starting materials and synthesis of intermediates  
4,4̕-(1,4-phenylene)bis(2,6-diphenylpyrylium)ditosylate33a and  sodium tretrakis[3,5-
bis(trifluoromethyl)phenyl]borate38 were prepared according to the known procedures. 
The synthesis of the 2,4-diphenylquinolin-6-amine will be reported  
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Figure 3. Structures of bis(pyridinium salt)s. 
elsewhere. The other starting compounds and reagents were purchased from either 
Sigma-Aldrich or TCI and were used as received. Detailed NMR spectra, for the 
compounds in this chapter, are provided in Appendix 1. 
 
Synthesis of 6-nitro-2,4-diphenyl-quinoline : 
7.50 g (31.0 mmol) 2-amino-5-nitrobenzophenone and 3.75g (31.0 mmol) acetophenone 
were added to 60.0 mL of acetic acid. 6.00 mL of sulfuric acid was added to the reaction 
mixture which was refluxed for 4 h.  After completion, the reaction was cooled down to 
room temperature. It was poured slowly into ammonium hydroxide/ ice mixture 
(150mL/120mL). The precipitate was collected with hot water and ethanol sequentially. 
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The crude compound was recrystallized from DMF to yield 9.40 g (28.8 mmol, yield 93 
%) of a spongy white compound. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.68 (d, J = 
2.53 Hz, 1H), 8.50 (dd, J = 9.2, 2.58 Hz, 1H), 8.40 (m, 2H), 8.33 (d, J = 9.2 Hz, 1H), 
8.27 (s, 1H), 7.73 (m, 2H), 7.71-7.64 (m, 3H), 7.62-7.56 (m, 3H). 13C-NMR (100 MHz, 
d6-DMSO) δ ppm δ ppm 159.0, 150.6, 150.2, 144.8, 137.5, 136.2, 131.4, 130.58, 129.6, 
129.2, 128.9, 128.9, 127.8, 124.0, 123.1, 122.3, 120.3. Elem. Anal. calcd. for C21H12N2O2 
(326.36):  C, 77.29; H, 4.32; N, 8.58. Found: C, 77.22; H, 4.70; N, 8.80.  
 
Synthesis of 6-amino-2,4-diphenyl-quinoline: 
Ethanol suspension (50.0 mL) of the 7.50 g (23.0 mmol) 6-amino-2,4-diphenyl-quinoline 
was heated to 50.0 °C in presence of 0.100 g of Pd/C and 5.00 mL of hydrazine 
monohydrate was added over 30 min as the reaction proceeded the solution cleared up. 
The reaction was kept at reflux for another 12 h.  Upon completion the reaction mixture 
was filtered over Celite twice to remove all the Pd/C. The ethanol was removed under 
reduced pressure. The crude product was recrystallized from isopropanol to yield 6.20 g 
(20.9 mmol, yield 91 %). Note that the crystals grew slowly. 1H-NMR (400 MHz, d6-
DMSO) δ  ppm 8.20 (m, 2H), 7.85 (d, J = 9.0 Hz, 1H), 7.74 (s, 1H), 7.61-7.54 (m, 4H), 
7.53-7.43 (m, 3H), 7.43-7.35 (m, 1H), 7.20 (dd, J = 9.0, 2.5 Hz, 1H), 6.82 (d, J = 2.4 Hz, 
1H), 5.67 (s, 2H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 151.0, 148.3, 146.0, 142.9, 
139.9, 139.4, 131.3, 130.0, 129.6, 129.5, 129.4, 129.0, 128.7, 127.8, 127.2, 122.5, 119.2, 
103.1. Elem. Anal. calcd. for C21H16N2 (296.37):  C, 85.11; H, 5.44; N, 9.45. Found: C, 
84.76; H, 5.84; N, 9.65.  
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4.2.2 Bis(pyridinium salt)s synthesis  
Synthesis of compound 1a: 
5.00 g (5.66 mmol) 4,4̕-(1,4-phenylene)bis(2,6-diphenylpyrylium)ditosylate and 1.11 g 
(11.9 mmol) aniline were added in 50 mL of DMSO. The reaction was kept at 130-140 
°C for 24 h under nitrogen. After completion of the reaction, the reaction flask was 
cooled down to room temperature and the product was precipitated out in water. The 
precipitate was washed with acetone and air-dried  It was then recrystallized from 
ethanol/methanol mixture to yield 5.00 g (4.41 mmol, yield 79 %) of off-white fluffy 
crystals. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.84 (s, 4H), 8.65 (s, 4H), 7.53-7.43 (m, 
16H), 7.42-7.31 (m, 12H), 7.19 (m, 6H), 7.08 (d, J = 7.88 Hz, 4H), 2.26 (s, 6H); 13C-
NMR (100 MHz, d6-DMSO) δ ppm 156.4, 153.8, 145.7, 138.9, 137.4, 136.6, 132.9, 
129.9, 129.8, 129.8, 129.6, 128.5, 128.4, 128.0, 127.9, 125.5, 125.4, 20.7; Elem. Anal. 
calcd. for C66H52N2S2O6:  C, 76.72; H, 5.07; N, 2.71; S, 6.12. Found: C, 76.50; N, 5.00; 
H, 2.74; S, 6.15. 
 
Synthesis of compound 2a: 
The identical reaction procedure was followed as for the preparation of compound 1a but 
2,4-diphenylquinolin-6-amine was used instead of aniline as starting material. The crude 
product was recrystallized from ethanol/methanol mixture to yield 3.60 g (2.50 mmol, 
yield 89 %) of beige crystals. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.85 (s, 4H), 8.66 
(s, 4H), 8.33-8.24 (m, 4H), 8.05 (d, J = 1.76 Hz, 4H), 7.95 (d, J = 8.99 Hz, 2H), 7.85 (dd, 
J = 9.02, 2.29 Hz, 2H), 7.68-7.58 (m, 6H), 7.58-7.51 (m, 6H), 7.51-7.45 (m, 12H), 7.45-
7.37 (m, 12H), 7.16-7.06 (m, 8H), 2.27 (s, 6H); 13C-NMR (100 MHz, d6-DMSO) δ ppm 
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157.6, 156.4, 153.9, 149.0, 147.1, 145.8, 137.7, 137.3, 136.8, 136.6, 136.2, 133.1, 130.1, 
130.0, 129.9, 129.8, 129.7, 129.5, 128.9, 128.8, 128.7, 128.2, 127.9, 127.5, 126.9, 125.6, 
125.4, 123.5,  119.9, 20.7; Elem. Anal. calcd. for C96H70N4S4O8:  C, 80.09; H, 4.90; N, 
3.89; S, 4.45. Found: C, 79.89; H, 4.91; N, 3.87; S, 4.43. 
 
Synthesis of compound 1b: 
1.00 g (0.886 mmol) compound 1a was dissolved in 25 mL of methanol.  0.534 g (1.86 
mmol) lithium triflimide was dissolved in minimum amount of methanol. They were 
added together and a white precipitate formed quickly. The reaction was kept at 40 °C 
overnight to ensure completion. The product was precipitated out and washed with water. 
It was recrystallized from methanol to yield 1.06 g (0.847 mmol, yield 96 %) of white 
crystals. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.87 (s, 4H), 8.66 (s, 4H), 7.50-7.43 (m, 
15H), 7.39 (m, 15H); 13C-NMR (100 MHz, d6-DMSO) δ ppm 156.4, 153.0, 138.9, 136.6, 
132.9 , 129.9 , 129.7, 129.6, 128.5 , 128.0, 125.5,  121.0, 117.8; Elem. Anal. calcd. for 
C56H38N4S4O8F12: C, 53.76; H, 3.06; N, 4.48; S, 10.25. Found: C, 54.01; H, 2.95; N, 
4.58; S, 10.33. 
 
Synthesis of compound 2b: 
The similar reaction procedure was followed as for the preparation of compound 1b but 
compound 2a was used instead of compound 1a. The crude product was recrystallized 
from methanol to yield 0.530 g (0.320 mmol, yield 92 %) of yellow crystals. 1H-NMR 
(400 MHz, d6-DMSO) δ ppm 8.87 (s, 4H), 8.67 (s, 4H), 8.29 (dd, J = 7.49, 2.14 Hz, 4H), 
8.05 (d, J = 2.48 Hz, 4H), 7.96 (d, J = 8.98 Hz, 2H), 7.83 (dd, J = 9.03, 2.27 Hz, 2H), 
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7.70-7.58 (m, 6H), 7.58-7.51 (m, 6H), 7.45 (m, 20H), 7.12 (dd, J = 7.79, 1.47 Hz, 4H); 
13C-NMR (100 MHz, d6-DMSO) δ ppm 157.6, 156.5, 153.9, 149.0, 147.1, 137.7, 136.8, 
136.7, 136.2, 133.1, 130.1, 130.1, 130.0, 129.8, 129.7, 129.5, 129.4, 128.8, 128.2, 127.5, 
126.9, 125.6, 123.6, 121.0, 119.9, 117.8; Elem.  Anal. calcd. for C86H56N6S4O8F12:  C, 
62.31; H, 3.41; N, 5.07; S, 7.74; Found: C, 62.28; H, 3.18; N, 5.12; S, 7.76. 
 
Synthesis of compound 1c: 
0.500 g (0.441 mmol) compound 1a was dissolved in 25 mL of methanol.  0.318 g (0.928 
mmol) sodium tetraphenylborate was dissolved in minimum amount of water. They were 
added together and a yellow precipitate formed quickly. The reaction was kept at 40 °C 
overnight to ensure completion. The precipitate was collected and washed with water. It 
was then recrystallized from acetonitrile to yield 0.450 g (0.345 mmol, yield 79 %) of 
yellow crystals. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.84 (s, 4H), 8.64 (s, 4H), 7.50-
7.41 (m, 12H), 7.41-7.33 (m, 12H), 7.23-7.13 (m, 22H), 6.91 (t, J = 7.4 Hz, 16H), 6.78 (t, 
J = 7.2 Hz, 8H); 13C-NMR (100 MHz, d6-DMSO) δ ppm 164.5, 164.0, 163.5, 156.9, 
154.3, 139.4, 137.1, 135.9, 133.4, 130.4, 130.4, 130.2, 128.9, 128.5, 126.0, 125.7, 121.9; 
Elem Anal. calcd for C98H78N2B2: C, 90.17; H, 6.02; N, 2.15. Found: C, 90.15; H, 5.85; 
N, 2.22. 
 
Synthesis of compound 2c: 
The similar reaction procedure was followed as for the preparation of compound 1c but 
compound 2a was used instead of compound 1a. The crude product was eluted in 
chloroform through a column chromatography over silica gel. The volume of chloroform 
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was reduced under reduced pressure and the pure compound was precipitated out in 
hexane to yield 0.400 g (0.230 mmol, yield 66 %) of light brown solid. 1H-NMR (400 
MHz, d6-DMSO, 50 °C) δ ppm 8.81 (s, 4H), 8.60 (s, 4H), 8.31-8.22 (m, 4H), 8.05-7.96 
(m, 4H), 7.94 (d, J = 8.98 Hz, 2H), 7.80 (dd, J = 8.95, 2.23 Hz, 2H), 7.68-7.56 (m, 6H), 
7.56-7.49 (m, 6H), 7.49-7.42 (m, 8H), 7.42-7.30 (m, 12H), 7.25-7.15 (m, 16H), 7.15-7.06 
(m, 4H), 6.90 (t, J = 7.40 Hz, 16H), 6.77 (t, J = 7.17 Hz, 8H); 13C-NMR (100 MHz, d6-
DMSO) δ ppm 164.1, 163.6, 163.1, 162.6, 157.7, 156.6, 154.1, 149.1, 147.2, 137.8, 
136.7, 136.7, 136.3, 135.5, 133.0, 130.1, 130.0, 129.9, 129.7, 129.4, 128.8, 128.7, 128.2, 
127.5, 126.9, 125.7, 125.1, 123.7, 121.4, 119.9; Elem. Anal. calcd for C130H96N4B2:  C, 
89.95; H, 5.57; N, 3.23.  Found: C, 90.10; H, 5.51; N, 3.27. 
 
Synthesis of compound 1d: 
0.300 g (0.265 mmol) compound 1a was dissolved in 25 mL of methanol.  0.490 g (0.556 
mmol) sodium tretrakis[3,5-bis(trifluoromethyl)phenyl]borate was  also dissolved in 
minimum amount of methanol. They were added together. The reaction was kept at 40 °C 
overnight to ensure completion. The desired product was precipitated out and washed 
with copious amount of water.  It was further purified by recrystallized from 
isopropanol/water to yield 0.500 g (0.207 mmol, yield 78 %) of off-white crystals.  1H-
NMR (400 MHz, d6-DMSO) δ ppm 8.89 (s, 4H), 8.70 (s, 4H), 7.71 (s, 8H), 7.68-7.60 (m, 
16H), 7.49 (m, 12H), 7.44-7.35 (m, 12H), 7.22 (dd, J = 6.32, 2.88 Hz, 6H); 13C-NMR 
(100 MHz, d6-DMSO) δ ppm 161.7, 161.2, 160.7, 160.2, 156.5, 153.9, 139.0, 136.7, 
134.1, 134.0, 133.0, 129.7, 128.6, 128.1, 125.6, 122.6, 119.9, 117.7; Elem. Anal. calcd 
for C116H62N2B2F48:  C, 57.64; H, 2.59; N, 1.16. Found: C, 57.54; H, 2.43; N, 1.18. 
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Synthesis of compound 2d: 
The identical reaction procedure was followed as for the preparation of compound 1d but 
compound 2a was used instead of compound 1a. The crude product was eluted in 
chloroform through a column chromatography over silica gel. The impurities eluted out 
first of the column and the main product was then eluted out with the addition of 
methanol. The solvent methanol was removed under reduced pressure to give an oily 
viscous liquid. It was then dissolved in chloroform and precipitated out slowly with the 
addition of hexane to yield 0.410 g (0.145 mmol, yield 70 %) of yellow solid. 1H-NMR 
(400 MHz, d6-DMSO) δ ppm 8.89 (s, 4H), 8.70 (s, 4H), 8.31 (dd, J = 7.43, 1.94 Hz, 4H), 
8.07 (d, J = 3.01 Hz, 4H), 7.98 (d, J = 9.00 Hz, 2H), 7.86 (dd, J = 8.97, 2.16 Hz, 2H), 
7.72 (s, 9H), 7.67-7.62 (m, 22H), 7.57 (m, 6H) , 7.53-7.48 (m, 8H), 7.47-7.39 (m, 12H), 
7.14 (d, J = 6.54 Hz, 4H); 13C-NMR (100 MHz, d6-DMSO) δ ppm 161.7, 161.2, 160.7, 
160.2, 157.7, 156.6, 154.0, 149.1, 147.2, 137.8, 136.9, 136.8, 136.3, 134.1, 134.0, 133.2, 
130.2, 130.0, 129.8, 129.6, 129.5, 128.8, 128.7, 128.3, 127.6, 127.0, 125.7, 125.4, 123.7, 
122.6, 120.0, 117.7; Elem. Anal. calcd. for C146H80N4B2F48):  C, 62.10;  H, 2.86; N, 1.98. 
Found: C, 61.83; H, 2.68; N, 1.95. 
4.3 Results and Discussion 
4.3.1 Thermal Properties  
The thermal transitions of the materials described herein, as summarized in Table 1, 
were found to be strongly dependent on the nature of the anions as well as of the side 
groups appended to the dications. This variation of the Tg values by the exchange of the 
anions is commonly observed in poly(pyidinium salt)s and viologen polymers.31b,c,33 
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Figure 5a shows the thermal transitions for the first set of molecular materials (1a-1d). 
Compound 1a, which is composed of Y1 and X1, showed a stable glass transition Tg at 
151 °C upon slow cooling at a rate of 10 °C/min after melting the solvent induced 
crystals. Interestingly, exchanging the anion from tosylate (X1) to triflimide (X2) strongly 
promoted the rate of crystallization in compound 1b, which crystallized readily after 
cooling its melt. We obtained a glass of 1b by rapidly cooling a melted sample with  
Table 1. Thermal properties of bis(pyridinium salt)s. 
Compound 1a 1b 1c 1d 
1st heating 346 °C (Tm) 115 °C (Tg),a 154 °C 
(Tc), 323 °C (Tm) 
-
b 235 °C (Tm)  
2nd heating 151 °C (Tg) 323 °C (Tm) -b 81 °C (Tg), 148 °C 
(Tc), 235 °C (Tm)  
Tg/Tmc 0.69 0.65 - 0.70 
Td in N2 372 °C 461 °C 330 °C  398 °C 
Compound 2a 2b 2c 2d 
1st heating 323 °C (Tm) 359 °C (Tm) 185 °C (Tg)  124 °C (Tg) 
2nd heating 190 °C (Tg) 169 °C (Tg) 191 °C (Tg) 119 °C (Tg) 
Tg/Tmc 0.78 0.70 - - 
Td in N2 366 °C 445 °C 257 °C 326 °C 
aGlassy state was obtained by quenching a melted sample with liquid N2. bThe sample did 
not melt before decomposition. cRatio of absolute temperatures (K). 
liquid nitrogen, which had a Tg of 115 °C. This approach was undesirable since, by doing 
so, cracks and deformations formed throughout the glass. From this point onward, we 
undertook two approaches to improve the glass forming behavior. The first one was to 
make materials with two additional anions.  In the second approach, we prepared dication 
with bulky asymmetric quinoline groups (Y2). Tetraphenylborate (X3) and tretrakis[3,5-
bis(trifluoromethyl)phenyl]borate (X4) were used as anions with limited success.  Y1 
paired with X3 afforded a crystalline compound 1c that did not melt before its 
decomposition temperature; while Y1 paired with X4 (compound1d) did melt and did 
form glass with Tg at 81 °C. The second set of materials used dication Y2, which had  
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Figure 5. DSC thermograms of (a) compounds 1a, 1b and 1d and (b) compounds 2a-2b 
obtained at heating and cooling rates of 10 °C/min in nitrogen. 
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asymmetric kinked quinoline moieties that promoted the amorphous state and increased 
the glass transition temperatures of the materials (Figure 5b). Compound 2a (Y2 paired 
with X1) produced a material that vitrified at 190 °C after melting. This is a 39 °C 
increase of the Tg compared to 1a, which had the same anion. After melting the solvent 
induced crystals, compound 2b sustained a stable glassy state upon slow cooling (10 
°C/min), unlike compound 1b, which crystallized readily. Its Tg was also substantially 
increased by 54 °C compared to 1b. The last two bulky anions afforded amorphous 
materials that could not be crystallized by means of a solvent. Compound 2c had a Tg at 
185 °C in the first heating cycle and 191 °C in the second heating cycle. Compound 2d 
had a Tg at119 °C in the second heating cycle, which is 38 °C higher compared to the Tg 
of compound 1d. From this data we can deduce that the thermal transitions and glass 
forming behavior is governed by the structure of the dications and the anions. In the first 
set of materials, only compound 1a and 1d vitrified efficiently, whereas compound 1b 
could be formed into glass only by rapid cooling and compound 1c did not melt at all. In 
the second set, large quinoline side groups were introduced where all the materials 
sustained stable amorphous states and their glass transition temperatures were increased 
substantially. Here, we should stress that most of the materials formed a glassy state upon 
slow cooling – this method is essential in order to make uniform glasses with no cracks or 
deformations.   
Thermal stability is an important feature used for materials operating at harsh 
conditions. The materials in this study exhibited decomposition temperatures in the range 
of 257 - 461 °C, some of which are comparable to the thermal stabilities of high 
performance polymers such as Kevlar.39 We established that chemical modification of  
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Figure 6. (a)TGA plots of compounds 2a and 2b obtained at a heating rate of 10 °C/min 
in nitrogen. (b) A comparison plot of the thermal stabilities of the compounds in this 
study at 5 % decomposition.  
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either the dications or the anions has an effect on the thermal decomposition  
temperatures of ionic materials much like poly(pyridinium salt)s33 and viologen 
polymers.31b,c  The exchange of tosylate (X1) to triflimide (X2) resulted in an increase of 
the thermal stability in both sets of compounds by 79 °C in both cases (Figure 6a). X2 
(compared to X1) had significantly weaker nucleophilic character. Therefore, it 
decomposed the dication nucleophilically at higher temperatures. Additionally, the 
exchange of tetraphenylborate (X3) to tretrakis[3,5-bis(trifluoromethyl)phenyl]borate 
(X4) resulted in the increase of 68 °C and 59 °C, respectively. X4 had a reduced negative 
charge due to the electron withdrawing trifluoromethyl groups compared to X3, which 
explained the higher stability of 1d and 2d compared to 1c and 2c, respectively. The 
chemical modification of dications also had an important effect on the decomposition of 
these materials. The exchange of Y1 to Y2 generated a decrease of 6 °C, 16 °C, 73 °C and 
72 °C for anions X1, X2, X3, and X4, respectively. These differences were presumably due 
to the electrophilic nature of the dication. Y2, which had electron withdrawing quinoline 
side groups, had weaker thermal stability compared to Y1. These trends of the thermal 
stabilities should be noted when designing ionic amorphous molecular materials (Figure 
6b).  
4.3.2 Morphology  
For further examination of the amorphous behavior of the compounds, we used X-ray 
powder diffraction (XRD) studies. The solvent induced crystals exhibited distinctive 
sharp peaks with high intensities denoting a high crystallinity. In contrast, after melting 
these crystals followed by cooling, a glass formed with broad peaks and low intensities in 
both small and wide angles; this is characteristic of an amorphous state. Representative  
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Figure 7. XRD plots of powder of (a) crystal and (b) glass sample of compound 2a. 
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XRD patterns of the crystal and the glass state of compound 2a are given in Figure 7. 
When the compounds in this study were melted between two cover glasses uniform 
isotropic films were formed. Figure 8a shows a representative polarized optical 
microscope (POM) photomicrograph of the glassy state of compound 2a under a red 
quarter plate. Many cracks were seen in this film since it was cooled down quickly after 
melting. Alternatively, a steadier and slower cooling rate yielded a glassy film free from 
deformations. Interestingly enough, we were able to successfully draw fibers with a pair 
of tweezers from the melts of the compounds that formed the amorphous state. They were 
as long as six inches and their thickness was in the range of 50-120 µm. Figure 8b shows 
an image of fiber drawn from the melt of compound 2b with a digital camera irradiated 
with UV light. To examine the morphology of these fibers, we examined them with POM 
and scanning electron microscopy (SEM) studies. The POM photomicrograph of the fiber 
from compound 2b shown in Figure 8c seemed to have a very smooth surface and no 
evidence of birefringence. This was also supported by the SEM image in Figures 8d-e. In 
addition to the surface, we were able to examine the cross-section of these microfibers, 
which was also very uniform. This is the first example of ionic amorphous molecular 
materials that are capable of forming these fibrous structures. Even though the 
mechanism of their formation and their orientations are not clear at this point, a 
combination of intermolecular interactions (e.g. electrostatic, π−π stacking and van der 
Waals associations) is a definite possibility. Since no birefringence is observed in POM 
studies, and these fibers exhibited only a glass transition, this property may be due to 
their amorphous nature. In the literature, most fibers generated through self-assemblies 
are pulled from organogels or by the phase transfer method. This is done by using a  
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(a)                                  (b)                                     (c) 
      
(d)                                        (e) 
  
(f)                     (g)                         (h) 
    
Figure 8. (a) POM image of compound 2a in deformed glassy state (magnification 
400x), (b)photograph of hand-drawn fiber from the melt of compound 2b irradiated with 
a hand-held UV light and (c) POM image of the fiber from the melt of compound 2b 
(400x); SEM images of the fibers from melts of(d) 2b and (e) 2d; and TEM images of (f) 
compound 2a from 5 wt% CH3OH solution (3,900x) and compound 2b (g) from 5 wt% 
THF solution (5,000x) and (h) from 5 wt% CH3CN solution (1,700x). 
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specific solvent or a combination of solvents that promote the formation of nano-tubes, 
tapes or fibers.40 TEM images from the solutions of these compounds in organic solvents 
revealed some interesting behavior (Figure 8f-h).  In Figure 8f, compound 2a formed a 
film with numerous bubbles that were distributed uniformly throughout the film. 
Conversely, compound 2b behaved differently in various organic solvents. In THF, it 
formed a thin film defined by extensive furrows and ridges (Figure 8g). In a polar aprotic 
solvent such as acetonitrile, there was the development of donut-shaped microstructures 
throughout the sample (Figure 8h). 
4.3.2 Solution Properties  
Versatile solubility is a desired quality in both molecular and polymeric materials in 
order to efficiently process them into thin films and fibers. Generally, highly rigid 
materials such as Kevlar have limited solubility.39 Even though the materials in this study 
have large molecular weights and are completely conjugated, their solubility in common 
organic solvents was exceptional. We were able to dissolve them into solvents with low 
polarity such as chloroform (ε = 5.5) and THF (ε = 7.58), solvents with medium polarity 
such as acetone (ε = 23.1) and solvents with high polarity such as methanol (ε = 32.6) 
acetonitrile (ε = 37.5) and DMSO (ε = 47.2). Their high solubility in various organic 
solvents is attributed to their inherent electrostatic charges as well as amorphous nature, 
which is in stark contrast with neutral conjugated molecular materials with poor 
solubility.17 
4.3.3 Optical Properties  
Light emission is a unique property for many materials that can be utilized for many 
applications in modern science and technology. As such, it has recently become the focus 
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for the development of optoelectronic devices.1-8 Given the excellent solubility of these 
materials in various common organic solvents, we were able to study their fluorescence  
Table 2. Optical properties of bis(pyridinium salt)s. 
Compound 1a 1b 1c 1d 
λmax (abs) CH3CN (nm) 335 335 335 330 
HOMO-LUMO gap (eV) 3.31 3.31 3.31 3.31 
PL λem CHCl3 (nm) 401, 443 454 -a 424 
PL λem THF (nm) 463 395 -a 461 
PL λem Acetone (nm) 452 457 457 452 
PL λem CH3OH (nm) 473 460 -a 476, 485 
PL λem CH3CN (nm) 463 454 467 455 
fwhm CH3CN (nm) 100 110 110 100 
PL λem film (nm)b 462 463 -c 432 
fwhm film (nm) 105 120 -c 79 
ΦF (%)d 1.1 1.0 0.9 1.3 
Compound 2a 2b 2c 2d 
λmax (abs) CH3CN (nm) 265, 340 265, 345 335 345 
HOMO-LUMO gap (eV) 3.26 3.26 3.26 3.26 
PL λem CHCl3 (nm) 511 532 489 529 
PL λem THF (nm) 494 531 523 535 
PL λem Acetone (nm) 537 538 539 537 
PL λem CH3OH (nm) 537 538 538 538 
PL λem CH3CN (nm) 541 541 542 540 
fwhm CH3CN (nm) 121 121 121 121 
PL λem film (nm)b 500 500 -c 503 
fwhm film (nm) 109 93 -c 90 
ΦF (%)d 2.1 1.8 1.2 1.5 
aThe sample were not soluble. bThin films were casted from CH3CN. cThe films did not 
emit light.  dQuantum yields were calculated in with diphenyl anthracene as standard (ΦF 
= 0.9). 
in different solvents with a wide range of polarities (ε = 5.5 -37.5). The data of their 
optical properties including UV Vis absorption, photoluminescence and quantum yields 
are compiled in Table 2. The light emission spectra of the first set of compounds (1a-1d) 
in CH3CN are shown in Figure 9a.  They emitted blue light with λem values in the range 
of 454 - 467 nm when excited with 325-330 nm light. This small range denotes that the 
variation of the anions has a small effect on the light emission. Their full width half 
maximum values (fwhm) were fairly high (100 - 110 nm), suggesting that the 
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fluorescence behavior stemmed from multiple chromophores.  The light emission of these 
ionic materials varied significantly with the change of polarity of organic solvents; this 
was a manifestation of solvatochromic behavior. For example, compound 1a emitted 
light with λmax as low as 401 nm in CHCl3 and λmax as high as 473 nm in CH3OH; this 
change in light emission indicates a bathochromic shift of 72 nm, suggesting that the 
excited state was more polar than the ground state. This result was evidence for a positive 
solvatochromism and is not due to aggregation effect as shown in similar compounds in 
the literature.25f Compounds 1b and 1d showed similar behavior with the differences of 
λmax values of 68 nm and 61 nm, respectively. The poor solubility of compound 1c in 
most organic solvents precluded to determine its light emission properties. Figure 9b 
shows the photoluminescence spectra for the second set of compounds (2a-2d). The 
modification of the dication from Y1 to Y2 resulted in a large bathochromic shift of 72-98 
nm. This behavior was expected since the quinoline side groups further extended the 
conjugation of the dication, thus shifting the light emission bathochromically. The 
exchange of the anion had a negligible effect on the light emission in the solution state of 
materials 2a-2d as observed in the first set of compounds. Their fwhm values were quite 
large and increased compared to compounds 1a-1d. In the seconds set of materials, we 
also observed a positive solvatochromism. However, it was less pronounced than in the 
first set. The quantum yields of these ionic materials were studied in CH3CN. They 
showed moderate values in the range of 0.9-2.1%; this is not very high for organic 
materials but is comparable to the values of polymeric materials. Their optical HOMO-
LUMO gaps, determined from the onset of their UV-Vis absorption spectra, were in the 
range of 3.26 to 3.31 eV. These values are generally high for neutral light emitting  
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Figure 9. Emission spectra of (a) compounds 1a-1d in acetonitrile (b) compounds 2a-2b 
in acetonitrile at various excitation wavelengths. 
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polymers3c-e,4,5 but are comparable to those of previously reported poly(pyridinium 
salt)s.33 
Next, we investigated the novel materials photoluminescence behaviors in the thin 
films cast from CH3CN to assess their potential for optoelectronic applications. The light 
emission spectra of the first set of materials are plotted in Figure 10a. They exhibited λem 
in the blue region similar to those of their solution spectra. Their fwhm values ranged 
from 79-120 nm. Alternatively, compounds 2a-2d shifted hypsochromically from 
solution to solid state. They showed λem peaks in the narrow range of 500 nm to 503 nm, 
which is 38 - 42 nm less than their λem CH3CN solutions. The reason for the 
hypsochromic shifts in the solid state remains to be further explored. Their fwhm values 
were also narrower (90-109 nm). We did not quantify their light emission efficiency in 
the solid state, but we observed that some anions affected the intensity of light emission 
significantly. For example, we were able to make films from compounds 1c and 2c, 
which had an X3 anion, but their light emissions were too low to measure. Interestingly, 
compounds 1d and 2d, which had an X4 anion, did have detectable light emission, even 
though their intensities were low (Figure 10a-b). We attribute the presence of light 
emission in 1d and 2d due to the presence of trifluoromethyl electron withdrawing 
groups in the aromatic moieties. 
The light emission in this series on amorphous ionic molecular materials is mainly 
affected by structural modification of the dications. This is due to the primary 
chromophore being located on the dications. Generally, anions in this study seemed to 
have little effect on the light emission in solution. In contrast, they played an important 
role in the light emission and quantum yields in the solid state as observed in the cases of  
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Figure 10. Emission spectra of (a) compounds 1a-1d cast from acetonitrile (b) 
compounds 2a-2b cast from acetonitrile at various excitation wavelengths. 
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1c, 1d, 2c, and 2d. The extensive optical studies performed on these novel amorphous 
ionic molecular materials could serve as an essential guideline of how their optical 
properties could be fine-tuned for their potential applications. We also briefly examined 
their potential as fluorophores in the biological systems. As examined with fluorescence 
microscopy studies (Figures S5-6), an aliquot of 100 µg/mL solution of compound 2a in   
phosphate buffered saline (PBS) successfully stained cancer cells within 20 min, 
therefore this class of compounds could be potentially used as fluorophores for staining 
various cellular materials. Additionally, DNA gels electrophoresis stained with 
compound 1a showed binding with the DNA, but the fluorescence output was weaker 
compared to ethidium bromide, which may be an indication of the extent of their binding 
abilities (Figure S7). These preliminary data show that the compounds in this study have 
some activity towards biological molecules the potential of which remains to be explored.  
4.4 Summary 
In summary, we prepared a series of new photoactive amorphous ionic materials 
through ring-transmutation and metathesis reactions. They displayed very good thermal 
stabilities that were dependent on the nature of the anions and the dications. Most of these 
compounds vitrified successfully upon slow cooling after melting the solvent induced 
crystals. They had excellent solubilities in a wide range of common organic solvents. 
They can be processed easily into thin films and fibers from their melts or solutions, 
thereby avoiding cumbersome and expensive techniques such as vapor deposition 
technique. Additionally, they exhibited photoluminescence in the blue and green spectral 
region of light in both the solution and solid states. Their quantum yields were moderate.  
Here, we demonstrated a versatile method for the synthesis of a novel class of materials 
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and how their physical properties could be fine-tuned. These amorphous ionic materials 
combine into one the excellent properties of conventional amorphous materials and ionic 
compounds. They are homogenous, transparent and easy to process. Finally, the physical 
properties of these materials could serve as guidelines for preparation and analysis of 
poly(pyridinium salt)s. 
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CHAPTER 5  
SOLUTION, THERMAL AND OPTICAL PROPERTIES OF NEW 
POLY(PYRIDINIUM SALT)S DERIVED FROM  
PYRIDINE DIAMINES 
5.1 Objective 
In this chapter, we describe a new series of wholly aromatic poly(pyridinium salt)s, 
with tosylate and triflimide counterions, having pyridine isomeric diamine units in their 
backbones, which were prepared by ring-transmutation polymerization and metathesis 
reactions. Their chemical structures were identified by using FTIR, NMR spectroscopy, 
and elemental analysis. The characterizations of their interesting solution, thermal, and 
photoluminescence properties in both solution and film states were also examined. The 
general structures and designations of these ionic polymers used in this study are outlined 
in Figure 11. 
5.2 Synthetic Procedures  
Synthesis of 4-phenyl-2,6-bis(4-nitrophenyl) pyridine: 
10 g (60.50 mmol) 4΄-nitroacetophenone, 3.21 g (30.35 mmol) benzaldehyde and 30 g 
ammonium acetate were heated to reflux in 75 mL of acetic acid for 2 h. As the reaction 
progressed the solution changed from light yellow to dark red and eventually a precipitate 
formed. Upon cooling the reaction mixture was poured into 50% acetic acid solution. It 
was collected and washed with hot ethanol. The compound was recrystallized from DMF. 
An amount of 3.3 g (8.30 mmol, 28% yield) of final product was collected having the 
Tm= 314 °C at peak maximum. 1H NMR (400 MHz, d6-DMSO) δ ppm 8.54 (d, J = 8.8  
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Figure 11. Synthesis of Poly(pyridinium salt)s. 
Hz, 4H), 8.40-8.24 (m, 6H), 8.05-7.98 (m, 2H), 7.62-7.48 (m, 3H). 13C NMR (100 MHz, 
d6-DMSO) δ ppm 155.5, 151.2, 149.0, 145.2, 137.8, 129.5, 129.1, 128.8, 124.5, 124.3, 
119.8, 119.5. Elem. Anal. calcd. C23H15N3O4 (397.40):  C, 69.52; H, 3.80; N, 10.57. 
Found: C, 69.28; H, 4.14; N, 10.57. 
 
Synthesis of 4-phenyl-2,6-bis(3-nitrophenyl) pyridine:   
To prepare 4-phenyl-2,6-bis(3-nitrophenyl) pyridine the same synthetic procedure was 
followed as for 4-phenyl-2,6-bis(4-nitrophenyl) pyridine. Yield = 25%, recrystallized 
from DMF. 1H-NMR (400 MHz, d6-DMSO) δ ppm 9.01 (t, J = 1.90 Hz, 2H), 8.70 (t, J = 
14.11 Hz, 2H), 8.30 (s, 2H), 8.26 (m, 2H), 8.02 (dd, J = 5.18, 3.10 Hz, 2H), 7.80 (t, J 
=7.98 Hz, 2H), 7.61-7.45 (m, 3H). 13C NMR (100 MHz, d6-DMSO) δ ppm 155.3, 151.2, 
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Figure 12. Synthesis of pyridine diamine monomers. 
149.5, 141.0, 137.8, 134.0, 133.7, 131.0, 130.4, 129.4, 128.1, 124.5, 122.2, 121.9, 118.9. 
Elem. Anal. calcd. C23H15N3O4 (397.40):  C, 69.52; H, 3.80; N, 10.57. Found: C, 69.31; 
H, 3.99; N, 10.61. 
 
Synthesis of 4-phenyl-2,6-bis(2-nitrophenyl) pyridine: 
To prepare 4-phenyl-2,6-bis(2-nitrophenyl) pyridine the same synthetic procedure was 
followed as for 4-phenyl-2,6-bis(4-nitrophenyl) pyridine. Yield = 12%, recrystallized 
from acetonitrile. 1H-NMR (400 MHz, CDCl3) δ ppm 7.93 (d, J = 7.86 Hz, 2H), 7.78-
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7.64 (m, 8H), 7.54 (m, 5H). 13C NMR (100 MHz, CDCl3) δ ppm 156.0, 150.7, 149.4, 
137.8, 135.2, 132.9, 131.9, 129.8, 129.7, 129.5, 127.5, 124.6, 120.4. Elem. Anal. calcd. 
C23H15N3O4 (397.40):  C, 69.52; H, 3.80; N, 10.57. Found: C, 69.52; H, 4.08; N, 10.78. 
 
Synthesis of 4-phenyl-2,6-bis(4-aminophenyl) pyridine: 
Ethanol suspension (50 mL) of the 3.1 g (78.00 mmol) 4-phenyl-2,6-bis(4-nitrophenyl) 
pyridine was heated to 50 °C in presence of 0.1 g of Pd/C and 5 mL of hydrazine 
monohydrate was added over 30 min as the reaction proceeded the solution cleared up. 
The reaction was kept at reflux for another 12 h.  Upon completion, the reaction mixture 
was filtered over Celite twice to remove the Pd/C catalyst. The compound was 
recrystallized from ethanol to yield 2.05 g (20.92 mmol, yield 78%) having the Tm =  199 
°C at peak maximum. 1H NMR (400 MHz, d6-DMSO) δ ppm 8.01 (d, J = 8.62 Hz, 4H), 
7.95 (dd, J = 5.23, 3.27 Hz, 2H), 7.80 (s, 2H), 7.59-7.45 (m, 3H), 6.68 (t, J = 8.8 Hz, 
4H), 5.43 (d, J = 7.55 Hz, 4H). 13C NMR (100 MHz, d6-DMSO) δ ppm 157.2, 150.6, 
149.3, 139.2, 129.7, 129.5, 128.5, 128.4, 127.7, 127.2, 114.3, 113.4, 113.4. Elem. Anal. 
Calcd. C23H19N3 (337.43):  C, 81.87; H, 5.68; N, 12.45. Found: C, 81.59; H, 5.75; N, 
12.69. 
 
Synthesis of 4-phenyl-2,6-bis(3-aminophenyl) pyridine: 
To prepare 4-phenyl-2,6-bis(3-aminophenyl) pyridine the same synthetic procedure was 
followed as for 4-phenyl-2,6-bis(4-aminophenyl) pyridine. Yield = 92%, recrystallized 
from ethanol. 1H-NMR (400 MHz, d6-DMSO) δ ppm 7.98 (m, 4H), 7.62-7.54 (m, 2H), 
7.54-7.49 (m, 3H), 7.43 (m, 2H), 7.23-7.16 (t, J = 8.0 Hz, 2H), 6.69 (ddd, J = 7.92, 2.28, 
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0.87 Hz, 2H), 5.36-5.12 (s, 4H). 13C NMR (100 MHz, d6-DMSO) δ ppm 157.9, 149.7, 
149.6, 140.3, 138.7, 129.8, 127.8, 116.8, 115.5, 115.4, 113.1. Elem. Anal. calcd. 
C23H19N3 (337.43):  C, 81.87; H, 5.68; N, 12.45. Found: C, 81.49; H, 5.79; N, 12.48. 
 
Synthesis of 4-phenyl-2,6-bis(2-aminophenyl) pyridine: 
To prepare 4-phenyl-2,6-bis(2-aminophenyl) pyridine the same synthetic procedure was 
followed as for 4-phenyl-2,6-bis(4-aminophenyl) pyridine. Yield = 89%, recrystallized 
from ethanol. 1H-NMR (400 MHz, d6-DMSO) δppm 6.21 (s, 4H), 8.01-7.91 (m, 2H), 
7.88 (s, 2H), 7.69 (dd, J = 7.82, 1.44 Hz, 2H), 7.61-7.47 (m, 3H), 7.21-7.11 (m, 2H), 6.83 
(dd, J = 8.12, 1.02 Hz, 2H), 6.75-6.66 (dt, J = 7.4, 1.2 Hz, 2H). 13C NMR (100 MHz, d6-
DMSO) δ  ppm 158.6, 150.1, 147.8, 138.8, 130.5, 130.4, 129.9, 129.8 128.0, 122.2, 
118.2, 117.1, 116.9. Elem. Anal. Calcd. C23H19N3 (337.43):  C, 81.87; H, 5.68; N, 12.45. 
Found: C, 82.06; H, 5.66; N, 12.48. 
5.3 Results and Discussion 
5.3.1 Chemical Structures 
The chemical structures of the polymers in this study are consistent with the spectra 
of FTIR, 1H-, and 13C- NMR spectroscopy and elemental analysis. The FTIR spectra 
showed the following representative characteristic peaks for polymer I-1: 3057 (=C-H 
aromatic stretching), 1619-1448 (C=C and C=N aromatic ring stretching), 1200 (C-N+), 
1120 (S=O asymmetric stretching), 1033-1010 (S=O symmetric stretching, d) and 848-
680 cm-1 (=C-H out-of-plane bending). Representative characteristic peaks for polymer 
II-1: 3065 (=C-H aromatic stretching), 1619-1450 (C=C and C=N aromatic ring 
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stretching), 1348 (C-F stretching), 1194 (C-N+), 1133 (S=O asymmetric stretching), 1058 
(S=O symmetric stretching) and 844-698 cm-1 (=C-H out-of-plane bending). Vinylogous 
signals in both 1H and 13C NMR spectra of polymers I-1-I-3 were not observed 
suggesting that the ring- transmutation polymerization reaction underwent to completion. 
Disappearance of the characteristic proton and carbon peaks of the tosylate counterion in 
the spectra of polymers II-1-II-2 suggested that the metathesis reaction did also proceed 
to completion. The 1H NMR spectra of polymers I-1 and II-1, which had para-linked 
pyridine diamine moieties in the polymer chains, had very broad proton signals similar to 
other high viscosity polymers. Furthermore, some of the carbon signals in their 13C NMR 
spectra did not resolve well due to their high viscosity character. The other polymers, 
which had meta- and ortho-linked pyridine diamine moieties, showed significantly the 
well-resolved features in their NMR spectra. For more detailed information all spectra are 
provided in Appendix 2. Polymer I-1: Anal. calcd for C77H57N3O6S2 (1184.45): C 78.08; 
H 4.85; N 3.55; O 8.11; S 5.41. Found: C 73.73; H 5.53; N 3.40; S 5.39. Polymer I-2: 
Anal. calcd for C77H57N3O6S2 (1184.45): C 78.08; H 4.85; N 3.55; O 8.11; S 5.41. Found: 
C 74.24; H 5.56; N 3.45; S 5.77. Polymer I-3: Anal. calcd for C77H57N3O6S2 (1184.45): C 
78.08; H 4.85; N 3.55; O 8.11; S 5.41. Found: C 77.27; H 6.11; N 3.65; S 5.95. Polymer 
II-1: Anal. calcd for C67H43N5O8S2F12 (1402.34): C 57.39; H 3.09; N 4.99; O 9.13; S 
9.14; F 16.26. Found: C 57.36; H 3.33; N 5.12; S 9.29. Polymer II-2: Anal. calcd for 
C67H43N5O8S2F12 (1402.34): C 57.39; H 3.09; N 4.99; O 9.13; S 9.14; F 16.26. Found: C 
57.39; H 3.66; N 5.00; S 8.98. Polymer II-3: Anal. calcd for C67H43N5O8S2F12 (1402.34): 
C 57.39; H 3.09; N 4.99; O 9.13; S 9.14; F 16.26. Found: C 59.30; H 3.70; N 5.00; S 
8.83.  
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5.3.2 Molecular Weight Determination 
The molecular weight data for the polymers in this study are summarized in Table 3. 
Mark-Houwink constants α and K as well as dn/dc values are also included. Their 
intrinsic viscosities were distinctively related to their structures. Polymer I-3, which had 
tosylate counterion and an ortho-linked pyridine diamine moiety in the main chain, had 
the lowest viscosity value of 0.05 dL/g. Notably, polymer I-2 (meta- linked 
tosylatepolymer) had the highest viscosity value of 1.23 dL/g, which was significantly 
higher than the value for the polymer with para- linked pyridine diamine moieties. 
Neutral polyamides44a,c and polyesters42,44b based on 4-aryl-2,6-bis(4-
aminophenyl)pyridine and4-aryl-2,6-bis(4-chlorocarbonylphenyl)pyridine moieties, 
respectively, showed inherent viscosities of 0.32-0.4944a,c and 0.68-0.87,42,44b 
respectively. Number-average molecular weight (Mn) was the lowest of 7,000 for 
polymer I-3 and that was ranged from 11,000 to 110,000. The polydispersity indices 
(Mw/Mn) of these polymers ranged from 1.18 to 2.13 (Table 3). the highest of 58,000 for 
polymer II-1. Their weight-average molecular weights (Mw) Representative GPC plots of 
polymers I-1 and II-1 are provided in the supporting information in Figure 13. Overall, 
they had a wide range of molecular weights, intrinsic viscosities and polydispersities.  
Table 3. GPC data of the Poly(pyridinium salt)s. 
Polymer IV (dL/g) Mn Mw Mw/Mn dn/dc (mL/g) α K 
I-1 0.38 50,952 60,339 1.18 0.1400 1.27 3.21 × 10-7 
II-1 0.26 58,301 76,719 1.31 0.1000 0.99 3.78 × 10-6 
I-2 1.23 48,133 94,692 1.23 0.2400 0.82 1.19 × 10-4 
II-2 0.99 51,485 109,751 2.13 0.2000 0.80 1.15 × 10-4 
I-3 0.05 7,674 11,042 1.439 0.1800 1.22 6.19 × 10-7 
II-3 0.12 14,577 18,772 1.288 0.2200 1.16 1.41 × 10-6 
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(b) 
 
Figure 13. GPC plots of (a) polymer I-1 and (b) polymer II-1. 
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Nonetheless, their molecular weights are sufficiently high enough to assess their solution, 
thermal and optical properties without concerns with regard to the effect of molecular 
weights on these properties. 
5.3.3 Solution Properties 
Solubility of highly conjugated polymers is always limited due to their rigid 
structures.  Therefore, their processability into thin films and fibers is indeed a 
challenging task. Notable example is Kevlar, which is a para-linked aramide, that is only 
soluble in concentrated sulfuric acid.39 Even though, the poly(pyridinium salt)s in this 
study are highly conjugated they still had good solubility in common organic solvents 
such as THF, methanol, acetonitrile, DMSO, among others, compared to neutral 
polyamides and polyesters based on 4-aryl-2,6-bis(4-phenyl)-pyridines, which are 
generally soluble only in high boiling solvents.38-41 We were motivated to study their 
lyotropic LC properties since there are many examples of poly(pyridinium salt)s 
exhibiting lyotropic LC phases such as mosaic texture or Maltese crosses in various polar 
organic solvents.33 Since the polymer series described here are based on different 
isomeric pyridine monomers, it is of significant interest to establish how structural 
differences would impact their solution properties (Table 4). This is particularly 
interesting since the well-known polymer Kevlar forms lyotropic phase in strongly acid 
media including concentrated sulfuric acid, while Nomex, which is meta-linked aramide, 
does not self-assemble into a lyotropic phase.39 Polymer I-1, which had a tosylate 
counterion and para-linked pyridine moiety, did not show solubility in methanol or 
acetonitrile but had a very good solubility in DMSO. Increase of the polymer 
concentration in DMSO eventually passed the critical concentration (*C) at 31 wt% and  
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Table 4. Solution Properties of the Poly(pyridinium salt)s. 
Polymer I-1 II-1 I-2 II-2 I-3 II-3 
CH
3
OH 
(ε=32.6) 
- - 
30% 
Lyotropic 
5% 
Biphasic 
50% 
Biphasic 
10% 
Biphasic 
CH
3
CN 
(ε=37.5) - 
20% 
Lyotropic 
10% 
Biphasic 
Up to 20% 
Isotropic 
59% 
Biphasic 
Up to 50% 
Isotropic 
DMSO 
(ε=48.9) 
31% 
Lyotropic 
50% 
Lyotropic 
41% 
Biphasic 
Up to 30% 
Isotropic 
Up to 50% 
Isotropic 
Up to 50% 
Isotropic 
 
full grown lyotropic LC texture was observed as shown in Figure 14a. On the other hand, 
polymer II-1 containing triflimide as counterion showed improved solubility in 
acetonitrile and DMSO but not in methanol. A full grown lyotropic LC phase was 
developed in these solvents at 20 wt % and 50 wt%, respectively. Figure 14b shows the 
lyotropic LC texture of polymer II-2 in DMSO. Polymer I-2, which was the polymer 
with meta- linked pyridine diamine moiety and tosylate counterion, showed better 
solubility but some of the lyotropic LC had diminished. It was soluble in methanol and 
showed lyotropic LC phase above 30 wt% in this solvent. Biphasic solutions were 
observed in acetonitrile and DMSO. Polymer II-2 containing triflimide counterion had 
very high solubilities in acetonitrile and DMSO but only isotropic solutions were 
observed, while in methanol a biphasic solution formed at low concentration of 5%. The 
polymers I-3 and II-3, which had an ortho-linked pyridine diamine moiety, had very high 
solubilities in methanol, acetonitrile and DMSO but only biphasic solutions were 
observed at very high concentrations in several cases. Overall, two important trends stem 
from these results. First, the solubility was increased by introducing meta- and ortho-
linked pyridine diamines but their lyotropic liquid crystal character decreased as is the 
case with Kevlar and Nomex.39 Second, the change in counterion from tosylate to 
triflimide of polymer increased the solubility in acetonitrile and DMSO but decreased in  
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(a) 
 
(b) 
 
Figure 14. Photomicrographs of (a) polymer I-1 at 31 wt% DMSO and (b) polymer II-1 
at 50 wt% DMSO under crossed polarizers exhibiting lyotropic LC phases, respectively 
(magnification 400x). 
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methanol. 
5.3.4 Thermal Properties 
5.3.4.1 Thermal Stability 
High thermal stability is generally desirable for polymers that are employed at high 
operating temperatures in order to extend their life time. To enhance it, highly π-
conjugated aromatic and heterocyclic structures are introduced into polymer chains, but 
often they lead to poor solubility. 3c-e,4,5,42-46  In the present study, poly(pyridinium salt)s 
with heterocyclic pyridine diamine moieties were found  to have excellent thermal 
stabilities in the range of 340-458 °C, while maintaining their solubility in common 
organic solvents (vide supra). Polymers with triflimide counterions had 87-102 °C higher 
thermal stability than the polymers with tosylate counterions (Figure 15), which were in 
excellent agreements with the previous results of  viologen polymers31b,c and other 
poly(pyridinium salt)s.33 This characteristic may be attributed to the following two 
reasons. First, sodium tosylate (155 °C) had much lower decomposition temperature than 
lithium triflimide (363 °C). This trend is manifested in the degradation temperatures of 
these ionic polymers. These results are also supported by the study of the decomposition 
products of poly(pyridinium salt)s with tetrafluoroborate counterion, where the 
counterion decomposes  prior to that of the main-chain polymer.32d Second, triflimide 
counterion has a significantly weaker nucleophilic character compared to tosylate and, 
therefore, it starts to act as a nucleophile to cause the decomposition of main-chain of the 
polymer at high temperature. A weight loss of 2-3% was observed in all tosylate 
polymers, which is due to a solvent loss (Figure 15).  The measured thermal properties of  
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Figure 15. TGA plots of polymers I-2 and I-3 obtained at a heating rate of 10 °C/min in 
nitrogen. 
these polymers including decomposition and glass transition temperatures are 
summarized in Table 5. 
5.3.4.2 Thermal Transitions 
Amorphous materials are a particularly interesting class of materials, since they are 
easy to process into thin films and fibers, they are transparent, they have no grain 
boundaries, they have homogenous properties and they have high quantum efficiencies.23 
For opto-electrical devices and other applications that operate at high temperature, high 
glass transition temperatures (Tg) are required.18a In thier reviews, Shirota et al. had 
identified a number of structural characteristics necessary to achieve a stable glassy state, 
while keeping high thermal stabilities.23a-c Thier designs have been applied successfully 
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in both molecular23 and polymeric11 materials. The ionic polymers in this series, had high 
Tgs as summarized in Table 5, similar to neutral polymers based on 4-aryl-2,6-bis(4-
aminophenyl)-pyridine.42-46 Polymer I-1 had only one endotherm, which is attributed to 
solvent loss as supported by the TGA analysis (vide supra) and no other thermal 
transitions before its decomposition temperature, implying that this polymer had 
exceptionally high theoretical Tg. Polymer II-1, which was the triflimide adduct of 
polymer I-1, had a distinct Tg observed in all heating and cooling cycles at 324 °C. The 
polymers I-2 and II-2, with meta-linked pyridine moiety, as expected, had distinctly 
lower Tgs at 285 °C and 251 °C, respectively. Finally, polymers I-3 and II-3 (Figure 16) 
had the lowest Tgs 223 °C and 199 °C, respectively. Overall, two notable trends were 
clearly observed. A change of the counterion from tosylate to triflimide significantly 
lowered the glass transition temperature by 34 °C (polymer I-2 vs II-2) and 24 °C 
(polymer I-3 vs II-3). This decrease in Tg was presumably related to the fact that 
triflimide is a bulkier counterion compared to tosylate. A similar trend was also observed 
in many ionic liquids where triflimide counterion lowered their melting points 
significantly.25,27 A second trend was the decrease in Tg of these ionic polymers from 
para- to meta- to ortho-linked pyridine diamine moieties. This phenomenon is quite 
common in many classes of polymers, where kinks and twists are introduced in the main 
chain of polymers,12 most notable examples of such behavior are exhibited in the cases of 
Table 5. Thermal Properties of the Poly(pyridinium salt)s. 
Polymer I-1 II-1 I-2 II-2 I-3 II-3 
Tga - 324 °C 285 °C 251 °C 223 °C 199 °C 
Tdb 365 °C 458 °C 355 °C 457 °C 340 °C 427 °C 
aGlass transition reported from the DSC’s second heating cycles. bThermal 
decompositions reported at 5% loss. 
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(a) 
 
(b) 
 
Figure 16. DSC thermograms of (a) polymer I-3 and (b) polymer II-3 obtained at heating 
and cooling rates of 10 °C/min in nitrogen. 
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para-linked Kevlar (Tg =  330 °C) and meta-linked Nomex (Tg =  285 °C) polymers.39 
5.3.5 Optical Properties 
Introducing heterocyclic pyridine moieties not only improves thermal stabilities of 
materials but also provides tunability through protonation of the nitrogen heterocycle. 
12f,14b,c
 Many neutral polymers with 4-aryl-2,6-bis(phenyl)pyridine moieties were 
developed, which show interesting thermal properties,42-45 but only a few of them were 
photoactive in their protonated and in their neutral states.45 All of the polymers described 
herein, we introduced isomeric forms of 4-phenyl-2,6-bis(phenyl)pyridine in their 
backbones, since poly(pyridinium salt)s were already known for their interesting 
photoluminescent properties32c,33 and introduction of additional pyridine heterocyclic unit 
would help understand their light-emitting properties in both solution and solid states. 
Because of their good solubility the light-emitting properties of these polymers were 
studied in various solvents having a wide range of polarities (ε = 7.5 -37.5). Their 
measured optical properties including UV-Vis, photoluminescence and quantum yields 
are summarized in Table 6. In Figure 17a photoluminescence spectra of tosylate  
Table 6. Optical Properties of the Poly(pyridinium salt)s. 
Polymer I-1 II-1 I-2 II-2 I-3 II-3 
λmax (abs)  (nm) - 260, 340 335 335 255,345 350 
HOMO-LUMO gap (eV) - 3.23 3.27 3.27 3.20 3.22 
PL λem THF (nm) - - - - - 483 
PL λem Acetone (nm) - 533 - 525 - 471 
PL λem CH3OH (nm) - - 489 - 477 - 
PL λem CH3CN (nm) - 528 520 525 484 481 
PLλem film (nm) - 490 521 474 460 455 
φF (%)a - 1.3 1.3 1.8 2.0 1.9 
aQuantum yields were calculated with diphenyl anthracene as standard (φF = 0.9). 
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polymers I-2 and I-3 are plotted in methanol (polymer I-1 had limited solubility in 
methanol). There was a slight hypsochromic shift in the light emission of polymer I-2 
compared to polymer I-3 exhibiting λem at 489 nm and 477 nm when excited with 375 
nm and 380 nm light, respectively. This shift in light emission was probably because 
polymer I-2 had meta-linked pyridine moiety where polymer I-3 had ortho-linked 
pyridine moiety. The interpolymer chain interaction in polymer I-3 was precluded in 
contrast with polymer I-2, which resulted in less decrease in energy of the anti-
bonding π* orbital that accounts for the hypsochromic shift.  Figure 17b shows the light 
emission of the triflimide containing polymers II-1-II-3. Polymers II-1 and II-2 emitted 
light in a similar range of λem at 528 nm and 525 nm when excited with 330 and 340 nm 
wavelength of light, respectively. Polymer II-3, similar to polymer I-3, was 
hypsochromically shifted exhibiting λem at 484 nm when excited with 335 nm light, 
compared to polymers II-1 and II-2. These results suggested that extensive kinks in the 
main chain had an effect on light emission. This phenomenon was consistent in different 
solvents and as well as with different counterions. In some cases, we observed a 
significant difference of light emission by simply changing the solvent. Such was the case 
with polymer I-2, which exhibited a hypsochromic shift of 31 nm going from methanol 
and acetonitrile. These were the evidence for solvatochromic effect. When considering 
the change of counterions from tosylate to triflimide no appreciable change in light 
emission was detected in solution state. Polymers based on 4-aryl-2,6-bis(4- 
aminophenyl)pyridine are shown to have light emission in their protonated form using 
HCl exhibiting λem at 500 nm and 560 nm, which was in most cases bathochromically 
shifted compared to those of poly(pyridinium salt)s in the present study.45 Overall, the  
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Figure 17. Emission spectra of (a) polymers I-1-I-3 in methanol and (b) polymers II-1-
II-3 in acetonitrile at various excitation wavelengths. 
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emission peaks of this series of poly(pyridinium salt)s had broad fwhm values over 100 
nm. These optical properties were in excellent agreements with the fwhm values of other 
poly(pyridinium salt)s.33 The large fwhm values are attributed  to the fact that the light 
emission stemmed from more than one chromophoric species. Quantum yield is an 
important factor considering light emitting polymers (LEPs). The polymers in this 
chapter had moderate quantum efficiencies ranging from 1.3 to 2.0 %.  The optical 
HOMO-LUMO gaps (Eg) were determined by the onset of the UV-Vis absorption 
spectra. Their values ranged from 3.20-3.27 eV, which were comparable to previously 
reported poly(pyridinium salt)s33 but generally lower than other π-conjugated LEPs.3c-e,4,5 
The poly(pyridinium salt)s in this study were made into thin films cast from acetonitrile, 
to study their light emitting properties in solid state. The photoluminescence spectra of 
the tosylate polymers I-2 and I-3 are displayed in Figure 18a. They exhibited λem 521 nm 
and 460 nm when monitored at 390 nm and 340 nm light, respectively. There was a 
hypsochromic shift of 61 nm, which suggested that polymer I-3 had less ordered 
structures in solid state compared to polymer I-2, which also exhibited a hypsochromic 
shift when compared to its solution spectrum. Figure 18b showed the spectra for the 
triflimide polymers where similar hypsochromic shifts were observed when going from 
para- to meta- to ortho-linked pyridine diamine moieties. They showed a λem at 490 nm, 
474 nm and 455 nm when excited at 340 nm wavelength of light. Exchanging the 
counterion had an effect on the light emission in film state. A difference of 47 nm 
between the light emission of polymers I-2 and II-2 was observed.  The reason for this 
shift was presumably because triflimide prevented extensive interpolymer chain  
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Figure 18. Emission spectra of thin films of (a) polymers I-1-I-3 cast from methanol and 
(b) polymers II-1-II-3 cast from acetonitrile at various excitation wavelengths. 
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interaction in solid state. It should be noted that a significant change did not occur in the 
light emission of polymers I-3 and II-3 probably because these polymers had 
significantly disordered structures since they had ortho-linked pyridine diamine moieties 
in their main chains. In general, these polymers resulted in a significant hypsochromic 
shift when changing from solution to solid state, which are in good agreement with the 
previously reported results of this class of poly(pyridinium salt)s.33 
5.3.6 Morphology 
Since the polymers in this study are envisioned as materials for fabrication of 
different opto-electronic devices, we examined their microstructures with X-ray 
scattering and morphology with various microscopic techniques. Figure 19 shows the 
representative X-ray powder diffraction (XRD) plots of polymers I-1- I-3 and II-3 
recorded at room temperature. They show broad diffraction peaks with relatively low 
intensities at both small and wide angles, which are the characteristic features of glassy 
phases of these ionic polymers. These results are in consistent with the DSC 
thermograms. These peaks can be assigned to the intermolecular short-range interactions 
that are parallel and perpendicular to the long axes of the polymer chains. The broad 
wide-angle diffraction peaks at around 2θ  =  20°  that corresponded to the d-spacings in 
the range of 4.43-4.96 Å are the results of interpolymer chain interaction of the polymer 
chains. The relative sharp, wide-angle diffraction peaks at around 2θ  = 10° that 
corresponded to the d-spacings in the range of 8.51-9.21 Å are related to some long range 
order between the polymer chains. Thin films of these polymers were examined after 
annealing at temperatures above their glass transition temperatures. They had quite  
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Figure 19. XRD plots of powder samples of (a) polymer I-1, (b) polymer I-2, (c) 
polymer I-3 and (d) polymer II-3. 
uniform textures. Figure 20a-c show photomicrographs of polymers II-2, I-3 and II-3, 
respectively. Polymers I-3 and II-3 exhibited some weak birefringent textures that may 
be an indication of thermotropic LC phase as observed in previously reported 
poly(pyridinium salt)s.33 From the melt of these poly(pyridinium salt)s we were able to 
draw thin fibers with thickness ranging from ca. 50 µm to 300 µm. Figure 20d-f shows   
photomicrographs of fibers from polymers II-2, I-3 and II-3, respectively. In Figure 18d 
the fiber from polymer II-2 shows quite rough surface with some voids and furrows. On 
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the other hand, fibers form polymers I-3 and II-3 (Figure 20e,f) have smoother surfaces 
even though some imperfections were also evident. To further elucidate the morphologies  
(a)                                        (b)                                             (c) 
 
(d)                                              (e)                                             (f) 
 
Figure 20. Photomicrographs of (a) polymer II-2, (b) polymer I-3, (c) polymer II-3 
exhibiting  their glassy phases; and  those of (d) polymer II-2, (e) polymer I-3, and (f) 
polymer II-3 exhibiting hand-drawn fiber morphologies.  
67 
 
of these fibers we examined them with scanning electron microscopy (SEM) (Figure 21a- 
d). The fiber prepared from polymer II-1 (Figure 21a) is flat with a distinctive texture on 
its surface, while inside it seemed quite uniform. In contrast, the fiber produced from 
polymer I-2 (Figure 21b) has a smooth surface, while inside it there are numerous hollow 
cavities. In Figure 21c fiber from polymer II-2 also has some roughness to the surface. 
The internal structure of this fiber are revealing where the surface is thinned out. It 
appears to have some hollowness similarly to the fiber made from polymer I-2. Since 
these two polymers have the same backbone, this interesting morphology, exhibited by 
both them, is presumably due the molecular structure of their backbones. The fiber 
prepared from polymer I-3 is flat in nature similar to that of the fiber from polymer I-1 
but it also has smooth surface (Figure 21d) and seemed filled and uniform in the cross- 
section (not shown). Next, we examined these materials with transmission electron 
microscopy (TEM) studies. The samples were prepared from dilute solutions (1-5 wt%) 
of these polymers in either methanol or acetonitrile.  Each of the triflimide polymers (II-
1-II-2) exhibited an aggregated structure of unidentifiable nature as observed in Figure 
S36. On the other hand, the tosylate polymers (I-1-I-3) had quite distinct, different 
morphology as seen in Figure 19e,f. Polymer I-2 formed a small spheroid clusters (Figure 
21e), while polymer I-3 formed an interesting interconnected networks of spheroid 
objects (Figure 21f). The formation of spheroid objects of these ionic polymers are 
presumably related to the aggregation phenomenon, which may also related to the 
formation of lyotropic phase of these polymers. The aggregation phenomena of ionic 
polymers, irrespective of the nature of polyions either rigid-rod or flexible, in water or in 
another leading to the formation of aggregates instead of repulsion between like charges.  
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(a)                                                          (b) 
   
(c)                                                          (d) 
  
(e)                                                        (f) 
  
Figure 21. SEM images of (a) polymer II-1, (b) polymer I-2, (c) polymer II-2, and (d) 
polymer I-3 exhibiting their fiber morphologies; and TEM images of (e) polymer I-2 (3 
900x) from 5 wt% CH3OH solution and (f) polymer I-3 (5 000x) from 2 wt% CH3OH 
solution exhibiting aggregated particles. 
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The mechanism of this aggregation process remains unknown to date, but aggregation 
organic solvents are quite remarkable in general, since the macroions approach one 
processes do occur in both flexible and rod-like polyelectrolytes as detected by various 
experimental techniques including light microscopy, dynamic and static light scattering, 
X-ray scattering, scanning force microscopy and TEM, among others.19 However,  here 
we presented some interesting the morphology of this class of poly(pyridinium salt)s in 
different conditions, which could shed light how these polymers will perform when they 
are used for the fabrication of functional devices. 
5.4 Summary 
Several poly(pyridinium salt)s with tosylate and triflimide counterions, having 
pyridine diamine moieties, were prepared by ring-transmutation polymerization or 
metathesis reaction. Their chemical structures were verified by spectroscopic techniques 
including FTIR and NMR spectroscopy as well as elemental analysis. Their inherent 
viscosities were as low as 0.05 dL/g and as high as 1.23 dL/g and their weight-average 
molecular weights (Mw) were in a range of 11,000 to 110,000 as determined by GPC. All 
this polymers had high thermal stabilities >340 °C for the tosylate polymers and >427 °C 
for the triflimide ones. As determined by DSC and XRD these polymers are amorphous 
with high Tgs. These series of polymers were highly soluble in common organic solvents, 
which is essential for their fabrication into thin films by spin coating techniques or inkjet 
printing.  Additionally, in several of these polymers, a fully grown lyotropic phase was 
developed in methanol, acetonitrile and DMSO and, therefore, much like Kevlar, these 
polymers could be processed into high-performance materials.39  
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They exhibited light-emitting properties in solvents of various polarities as well as in 
solid states.  In solution they exhibited photoluminescence in the green region of visible 
light and their fwhm values were quite broad. Changing from solution to solid state, they 
generally exhibited hypsochromic shifts of ca. 20-30 nm, which suggested less ordered 
structures in film states compared to solution states. Exchange of the counterion from 
tosylate to triflimide did not affect the light emission in solutions but did affect this 
property in solid states of these polymers. They also showed reasonable quantum yields 
comparable to other π-conjugated LEPs3c-e,4,5 and bis(pyridinium salt)s in chapter 4. They 
showed interesting morphologies in films and fibers as examined with POM, SEM, and 
TEM studies. 
In next chapter, we examined a series of poly(pyridinium salt)s based on isomeric 
quinoline moieties, which would further elucidate the affect of heterocyclic units to this 
class of ionic polymers.  
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CHAPTER 6  
SOLUTION, THERMAL AND OPTICAL PROPERTIES OF NEW 
POLY(PYRIDINIUM SALT)S DERIVED FROM  
QUINOLINE DIAMINES 
6.1 Objective 
In this chapter, we describe a new series of wholly aromatic poly(pyridinium salt)s, 
with tosylate and triflimide counterions, having three asymmetric quinoline isomeric 
diamine units in their main chains, prepared through ring-transmutation and metathesis 
reactions. Their structures were identified through NMR, FTIR and elemental analysis. 
The characterization of their solution, thermal, photoluminescence in both solution and 
film states and quantum yields were also examined. The general structure and 
designations of these ionic polymers, which were used in this study, are outlined in 
Figure 23. 
5.2 Synthetic procedures 
Synthesis of 6-nitro-2(4-nitrophenyl)-4-phenylquinoline: 
7.00 g (28.9 mmol) 2-amino-5-nitrobenzophenone and 4.74 g (28.9 mmol) 4̕-
nitroacetophenone were added to 60.0 mL of acetic acid. 6.00 mL of sulfuric acid were 
added to the reaction mixture, which was refluxed for 4 h.  After completion, the reaction 
was cooled down to room temperature. It was poured slowly into ammonium hydroxide/ 
ice mixture (150 mL/120 mL). The precipitate was collected and washed with hot water 
and ethanol, sequentially. The crude product was recrystallized from DMF to yield 9.30 g 
(25.0 mmol, yield 87 %) of dull yellow crystals. 1H-NMR (400 MHz, d6-DMSO) δ ppm  
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Figure 23. Synthesis of the Poly(pyridinium salt)s 
8.68 (d, J = 2.10 Hz, 1H), 8.60 (d, J = 8.8 Hz, 2H), 8.48 (dd, J = 9.2, 2.32 Hz, 1H), 8.35 
(t, J = 7.3 Hz, 3H), 8.29 (s, 1H), 7.65 (m, 5H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 
157.7, 152.0, 150.9, 149.6, 146.1, 144.4, 136.9, 132.6, 130.6, 130.1, 129.9, 129.4, 125.4, 
124.4, 123.8, 123.1, 121.6, 121.4. Elem. Alan. calcd. for C21H13N3O4 (371.36):  C, 67.92; 
H, 3.53; N, 11.32. Found: C, 67.82; H, 3.80; N, 11.40. 
 
Synthesis of 6-nitro-2(3-nitrophenyl)-4-phenylquinoline: 
To prepare 6-nitro-2(3-nitrophenyl)-4-phenylquinoline similar synthetic procedure was 
followed as for 6-nitro-2(4-nitrophenyl)-4-phenylquinoline. Yield = 88 %, recrystallized 
from DMF. 1H-NMR (400 MHz, d6-DMSO) δ ppm 9.12 (t, J = 1.98 Hz, 1H), 8.77 (d, J = 
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Figure 24. Synthesis of pyridine diamine monomers. 
8.0 Hz, 1H), 8.68 (d, J = 2.5 Hz, 1H), 8.48 (dd, J = 9.2, 2.54 Hz, 1H), 8.33 (m, 3H), 7.84 
(t, J = 8.0 Hz, 1H), 7.75-7.57 (m, 5H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 151.8, 
149.6, 148.0, 145.7, 142.8, 140.5, 139.5, 131.1, 129.9, 129.8, 129.3, 128.7, 127.7, 122.3, 
119.2, 115.0, 112.7, 103.2. Elem. Anal. calcd. for C21H13N3O4 (371.36):  C, 67.92; H, 
3.53; N, 11.32. Found: C, 67.80; H, 3.93; N, 11.45. 
 
Synthesis of 6-nitro-2(2-nitrophenyl)-4-phenylquinoline: 
To prepare 6-nitro-2(2-nitrophenyl)-4-phenylquinoline identical synthetic procedure was 
followed as for 6-nitro-2(4-nitrophenyl)-4-phenylquinoline. Yield = 56 %, recrystallized 
from DMF. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.92 (d, J = 2.5 Hz, 1H), 8.51 (dd, J 
= 9.2, 2.53 Hz, 1H), 8.28 (d, J = 9.2 Hz, 1H), 8.06 (dd, J = 8.1, 1.01 Hz, 1H), 7.86-7.73 
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(m, 2H), 7.61 (m, 7H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 159.0, 151.7, 150.7, 
146.2, 136.4, 135.2, 133.3, 132.1, 131.8, 130.4, 129.8, 129.8, 129.4, 125.2, 125.1, 123.6, 
123.2, 122.7. Elem. Anal. calcd. for C21H13N3O4 (371.36):  C, 67,92; H, 3.53; N, 11.32. 
Found: C, 67.69; H, 3.91; N, 11.41. 
 
Synthesis of 6-amino-2(4-aminophenyl)-4-phenylquinoline: 
Ethanol suspension (50.0 mL) of the 3.00 g (8.07 mmol) 6-nitro-2(4-nitrophenyl)-4-
phenylquinoline was heated to 50 °C in presence of 0.100 g of Pd/C and 3.00 mL of 
hydrazine monohydrate was added over 30 min as the reaction proceeded the solution 
cleared up. The reaction was kept at reflux for another 12 h.  Upon completion the 
reaction mixture was filtered over Celite twice to remove all the Pd/C. The ethanol was 
removed under reduced pressure. The crude product was recrystallized from isopropanol 
to yield 2.00 g (6.42 mmol, yield 80 %) of hard orange crystals. Note that the crystals 
grew slowly. 1H-NMR (400 MHz, d6-DMSO) δ  ppm 7.92 (d, J = 8.6 Hz, 2H), 7.75 (d, J 
= 8.9 Hz, 1H), 7.63-7.57 (m, 1H), 7.57-7.52 (m, 4H), 7.52-7.45 (m, 1H), 7.13 (dd, J = 
8.9, 2.4 Hz, 1H), 6.77 (d, J = 2.4 Hz, 1H), 6.66 (d, J = 8.7 Hz, 2H), 5.37 (s, 2H), 5.48 (s, 
2H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 151.93, 150.21, 147.29, 145.71, 142.92, 
139.67, 130.70, 129.94, 129.26, 128.59, 128.19, 127.38, 126.96, 122.07, 118.33, 114.45, 
103.59. Elem. Anal. calcd. for C21H17N3 (311.39): C, 81.00; H, 5.50; N, 13.49. Found: C, 
80.86; H, 6.31; N, 13.71.  
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Synthesis of 6-amino-2(3-aminophenyl)-4-phenylquinoline : 
To prepare 6-nitro-2(3-aminophenyl)-4-phenylquinoline the same synthetic procedure 
was followed as for 6-nitro-2(4-aminophenyl)-4-phenylquinoline. Yield = 88 %, 
recrystallized from ethanol. 1H-NMR (400 MHz, d6-DMSO) δ ppm 7.81 (d, J = 8.9 Hz, 
1H), 7.67-7.44 (m, 7H), 7.31 (d, J = 7.8 Hz, 1H), 7.25-7.09 (m, 2H), 6.80 (d, J = 2.4 Hz, 
1H), 6.62 (dd, J = 7.8, 2.2 Hz, 1H), 5.65 (s, 2H), 5.19 (s, 2H). 13C-NMR (100 MHz, d6-
DMSO) δ ppm 151.8, 149.6, 148.0, 145.7, 142.8, 140.5, 139.5, 131.1, 129.9, 129.8, 
129.3, 128.7, 127.7, 122.3, 119.2, 115.0, 112.7, 103.2. Elem. Anal. calcd. for C21H17N3 
(311.39):  C, 81.00; H, 5.50; N, 13.49. Found: C, 80.92; H, 5.61; N, 13.77. 
 
Synthesis of 6-amino-2(2-aminophenyl)-4-phenylquinoline: 
To prepare 6-nitro-2(2-aminophenyl)-4-phenylquinoline the same synthetic procedure 
was followed as for 6-nitro-2(4-aminophenyl)-4-phenylquinoline. Yield = 62 %, the 
compound was eluted in chloroform through a column chromatography over silica gel 
and it was recrystrallized from isopropanol/ether (98/2). Note that it was very difficult to 
get the correct ratio and induce crystallization. Crystals grew very slowly (2-3 days).  1H-
NMR (400 MHz, d6-DMSO) δ ppm 7.78 (d, J = 8.9 Hz, 1H), 7.73-7.65 (m, 1H), 7.59 (s, 
1H), 7.52 ( m, 5H), 7.17 (dd, J = 8.9, 2.4 Hz, 1H), 7.13-7.03 (m, 1H), 6.92 (s, 2H), 6.66-
6.56 (m, 1H), 5.61 (s, 2H), 6.80 (t, J = 5.4 Hz, 2H). 13C-NMR (100 MHz, d6-DMSO) 
δ ppm 153.9, 148.7, 148.1, 146.0, 141.2, 139.4, 130.4, 129.9, 129.7, 129.3, 128.7, 126.7, 
122.2, 120.9, 120.7, 117.1, 116.4, 103.4. Elem. Anal. calcd. for C21H17N3 (311.39):  C, 
81.00; H, 5.50; N, 13.49. Found: C, 80.99; H, 5.62; N, 13.53.  
76 
 
6.3 Results and Discussion 
6.3.1 Chemical Structures 
The FTIR, 1H and 13C NMR spectra and the elemental analyses of the polymers in 
this series are consistent with their chemical structures. For polymer I-4-I-6 both proton 
and carbon signals of vinylogous amide47 were not detected suggesting that the ring-
transmutation reaction proceeded to completion. Signals for the tosylate counterion in the 
NMR spectra for polymers II-4-II-6 were not detected suggesting that the metathesis 
reaction was successful. The 1H and 13C NMR spectra of polymers I-4 and II-4 did not 
resolve well due to the high viscosity of these solutions in deuterated DMSO. In each of 
the spectra of polymers I-5 and II-5, significantly more features were detected since each 
of them was less viscous in the chosen solvent. Each of the polymers I-6 and II-6 
exhibited the most resolved NMR spectra suggestive of less viscous solution in 
deuterated DMSO. The FTIR spectra showed the following representative characteristic 
peaks for polymer I-4: 3050 (=C-H aromatic stretching), 1609-1445 (C=C and C=N 
aromatic ring stretching), 1190 (C-N+), 1120 (S=O asymmetric stretching), 1020 (S=O 
symmetric stretching) and 828-690 cm-1 (=C-H out-of-plane bending). Representative 
characteristic peaks for polymer II-4 were:  3067 (=C-H aromatic stretching), 1617-
1450 (C=C and C=N aromatic ring stretching), 1351 (C-F stretching), 1191 (C-N+), 1137 
(S=O asymmetric stretching), 1058 (S=O symmetric stretching) and 897-703 cm-1 (=C-H 
out-of-plane bending). Elemental analysis data: Polymer I-4: Anal. calcd. for 
C75H55N3O6S2(1158.41): C, 77.76; H, 4.79; N, 3.63; O, 8.29; S, 5.54. Found: C, 76.58; H, 
5.86; N, 3.64; S, 5.99. Polymer I-5: Anal. calcd. for C75H55N3O6S2 (1158.41):  C, 77.76; 
H, 4.79; N, 3.63; O, 8.29; S, 5.54. Found: C, 75.37; H, 5.55; N, 3.59; S, 5.58. Polymer I-
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6: Anal. calcd. for C75H55N3O6S2 (1158.41):  C, 77.76; H, 4.79; N, 3.63; O, 8.29; S, 5.54. 
Found: C, 75.57; H, 6.04; N, 3.64; S, 5.91. Polymer II-4: Anal. calcd. for 
C65H41N5O8S4F12 (1376.30):  56.73; H, 3.00; N, 5.09; S, 9.32; O, 9.30; F, 16.56. Found: 
C, 57.42; H, 3.33; N, 5.19; S, 9.68. Polymer II-5: Anal. calcd. for C65H41N5O8S4F12 
(1376.30):  56.73; H, 3.00; N, 5.09; S, 9.32; O, 9.30; F, 16.56. Found:  C, 57.61; H, 3.53; 
N, 5.12; S, 9.29. Polymer II-6: Anal. calcd. for C65H41N5O8S4F12 (1376.30):  56.73; H, 
3.00; N, 5.09; S, 9.32; O, 9.30; F, 16.56. Found: C, 56.81; H, 3.29; N, 5.06; S, 9.23. All 
of their spectra are provided in the Appendix 3 for more detailed information. 
Table 7. GPC data of Poly(pyridinium salt)s. 
Polymer IV (dL/g) Mn Mw Mw/Mn dn/dc (mL/g) α K 
I-4 0.53 30,452 43,535 1.43 0.1200 1.23 1.08 × 10-6 
II-4 0.80 58,070 77,869 1.34 0.1180 1.26 6.01 × 10-7 
I-5 0.23 30,203 46,251 1.53 0.1200 1.09 1.59 × 10-6 
II-5 0.28 42,821 58,328 1.36 0.1200 1.16 8.59 × 10-7 
I-6 0.06 18,622 26,177 1.41 0.1200 0.61 1.16 × 10-4 
II-6 0.15 25,042 28,0112 1.12 0.2000 0.96 1.02 × 10-4 
 
6.3.2 Molecular Weight Determination 
Molecular weight data for all the polymers in this study are summarized in Table 7. The 
data include the Mark-Houwink values α and K. The intrinsic viscosity was the lowest of 
0.06 dL/g for polymer I-6 that had ortho- linked quinoline moiety and that was the 
highest as 0.80 dL/g for polymer II-4 that had para-linked quinoline diamine moiety. 
Their number-average molecular weights (Mn) followed the similar trends, that is, 
polymer I-6 had the smallest  molecular weight of ca. 19 000, and while polymer II-4 had 
the highest molecular weight of 58 000. However, weight-average molecular weights 
(Mw) ranged from 26 000 to 78 000, and the polydispersity indices (Mn/Mw) ranged from 
1.12 to 1.53. Molecular weights and polydispersity indices for the polymers II-4-II-6  
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Figure 25. GPC plots of (a) polymer I-4 and (b) polymer II-4. 
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followed the identical trends as those for polymers I-4-I-6. These results were expected 
since triflimide polymers were prepared from the respective tosylate polymers. Overall, 
all of them had reasonably high molecular weights that enabled one to analyze their 
solution, thermal and optical properties without any secondary effects of these polymers 
on these properties. Representative GPC plots of polymer I-4 and II-5 are displayed in 
Figure 25. 
6.3.3 Solution Properties  
A good solubility, in common organic solvents, is an important characteristic for 
materials fabrication into thin films. Additionally, a polymer containing a rod-like or 
disc-like moiety and having good solubility in organic solvent could self-assemble into a 
lyotropic liquid crystalline phase, which is highly  desirable for improving the thermal 
and mechanical properties  of a material similar to Kevlar.39 Different classes of 
poly(pyridinium salt)s are reported to have high solubility in common organic solvents 
and, in some cases, to pass critical concentration (*C)  to form a mosaic texture or 
Maltese crosses – all textures indicative for a lamellar LC phase.33  The polymers in this 
study have interesting solution properties and are summarized in Table 8. They had good 
solubility in common organic solvents such as acetone, methanol, acetonitrile and DMSO  
Table 8. Solution Properties of the Poly(pyridinium salt)s. 
Polymer I-4  II-4  I-5  II-5  I-6  II-6  
CH
3
OH  
(ε=32.6) 
30% 
Lyotropic  -  
29% 
Lyotropic  -  
60%-70% 
Biphasic  -  
CH
3
CN 
(ε=37.5) 
21%-39% 
Lyotropic  
49%-61% 
Lyotropic  
40% 
Biphasic  
61% 
Lyotropic  
51%-70% 
Biphasic  
61%-71% 
Biphasic  
DMSO 
(ε=48.9) 
51% 
Lyotropic  
Up to 30% 
Isotropic  
41%-60% 
Lyotropic  
Up to 60% 
Isotropic  
Up to 60% 
Isotropic  
Up to 60% 
Isotropic  
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with dielectric constants ranging from ε = 32.6 to ε = 48.9. Minor solubility or swelling 
was also observed in less polar solvents such as chloroform or tetrahydrofuran. Due to 
their solubility in several organic solvents as well as rigid rod wholly-aromatic main 
chains with electrostatic charges in their backbones, we were motivated to examine their 
lyotropic liquid-crystalline (LC) properties. Polymer I-4 containing tosylate counterions 
formed an isotropic solution (black background or dark field of view) when observed 
with POM studies below 30 wt% in methanol. However, at this concentration or above, 
anisotropy or birefringence was clearly observed all over the whole sample; this 
observation indicated the formation of a fully-grown lyotropic LC phase. Similarly, when 
polymer I-4 was tested in acetonitrile, a critical concentration (*C) was reached at ca. 21 
wt% and showed a fully-grown lyotropic LC phase, which was also observed at its39 
wt% in this solvent (Figure 26a). Polymer I-4 had excellent solubility in DMSO; as a 
result, a fully-grown lyotropic LC phase was not identified until at 51 wt% in this 
solvent. In contrast, polymer II-4 had essentially the identical chemical structure as that 
of polymer I-4 but triflimides as counterions had quite different solubility behavior in 
some organic solvents. Unlike polymer I-4, polymer II-4 was completely insoluble in 
methanol. However, it had excellent solubility in acetonitrile wherein a fully-grown 
lyotropic LC phase was developed at ca. 49 wt% (Figure 26b). It also had very good 
solubility in DMSO, but unlike polymer I-4, no anisotropy was observed whatsoever at 
any concentrations examined. Similar to polymer I-4, polymer I-5 exhibited an isotropic 
solution in methanol below 29 wt%, at which or above a fully-grown lyotropic LC 
phased developed. In acetonitrile, it formed only a biphasic solution at 40 wt%, but no 
fully-grown lyotropic LC phase, unlike the polymers I-4 and II-5 each of which did not  
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(b) 
 
Figure 26. Photomicrographs of (a) polymer I-4 at 21 wt% acetonitrile and (b) polymer 
II-4 at 49 wt% acetonitrile under crossed polarizers exhibiting lyotropic LC phases, 
respectively (magnification 400x). 
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form a biphasic solution ( mixed dark and birefringence) in this solvent .  In DMSO a 
lyotropic LC phase was observed at 42-60 wt%, but no biphasic solution like the polymer 
I-4. On the other hand, polymer II-5, like polymer II-4, was insoluble in methanol, but it 
developed a lyotropic LC phased in acetonitrile at 61 wt%, but no biphasic solution. In 
DMSO, however, it was unable to reach a critical concentration to form either biphasic or 
lyotropic solution.  Polymers I-6 and II-6 had overall much higher solubilities in all the 
solvents tested, when compared to the other members in the series, due to the ortho-
linked quinoline diamine moieties. Polymer I-6 formed a biphasic solution in methanol 
and acetonitrile at 60-70 wt% and 51-70 wt%, respectively, but no fully-grown lyotropic 
phase. Additionally, it formed an isotropic solution in DMSO as high 60 wt%, but no 
biphasic or lyotropic solution of this polymer in this solvent. Like polymers II-4, and II-
5, polymer II-6 was not soluble in methanol. However, it formed a biphasic solution in 
acetonitrile at 61wt% and above up to 71 wt%, but no lyotropic phase in this solvent. In 
60 wt% in DMSO, the isotropic solution was only observed for this polymer like 
polymers II-4 and II-5. Overall, two trends were clearly observed for these ionic 
polymers. First, as the quinoline diamine moiety was modified from para- to meta- to 
ortho- linked, the solubility increased significantly, but the propensity for the formation 
of lyotropic LC properties diminished. Second, the counterion effect on the solubility of 
this class of polymers is quite distinctly notable. Tosylate polymers were soluble in 
methanol, but less soluble in acetonitrile. The triflimide polymers were insoluble in polar 
protic solvent such as methanol, but more soluble in polar aprotic solvent such as 
acetonitrile. Compared to poly(pyridinium salt)s, based on pyridine isomers, described in 
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chapter 5, they behaved similarly but overall their lyotropic LC properties increased in 
some cases. 
6.3.4 Thermal Properties 
6.3.4.1 Thermal Stability 
The thermal stability of a polymer generally is an important attribute since it is applied 
for many applications in harsh environmental conditions. The synthesized polymers had 
excellent thermal stability in the range of 353 - 455°C as shown in Table 9. Triflimide 
polymers II-4-II-6 had significantly higher decomposition temperatures by 83 - 102 °C 
than those of the tosylate polymers. These results may be attributed to the fact that 
triflimide is more stable than the tosylate counterion, since the counterion decomposes 
first prior to backbone decomposition in this class of poly(pyridinium salt)s with both 
organic and inorganic counterions.32d On the other hand, triflimide could act as a 
nucleophile at higher temperatures compared to tosylate counterion, thereby causing the 
decomposition of the main chain  of the polymer, which is seen in molecular pyridinium 
materials described in chapter 4. To contrast the effects of tosylate and triflimide 
counterions on their decomposition temperatures, TGA plots of polymers I-4 and II-5 are 
shown in Figure 27. Additionally, a weight loss of 2-3% below 100 °C was observed in 
each of the TGA thermograms for the tosylate polymers, which was related to the loss of 
entrapped solvent molecules. 
Table 9. Thermal Properties of the Poly(pyridinium salt)s. 
Polymer I-4  II-4  I-5  II-5  I-6  II-6  
Tga  -  374 °C  291 °C  252 °C  278 °C  243 °C  
Tdb 357 °C  440 °C 359 °C 454 °C 353 °C 455 °C 
aGlass transition reported from the DSC’s second heating cycles. bThermal 
decompositions reported at 5% loss. 
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Figure 27. TGA plots of polymers I-5 and II-5 obtained at a heating rate of 10 °C/min in 
nitrogen. 
6.3.4.2 Thermal Transitions 
Since the polymers in this study were based on three different quinoline diamine isomers, 
the thermal transitions were of significant interest to examine thoroughly in order to 
establish the effects of their microstructures on these transitions (Table 9).  Polymer I-4 
had only one endotherm that was attributed to a solvent loss and was also supported by 
the TGA studies (vide supra). In the second heating cycle, no thermal transitions were 
observed for this polymer. Polymer II-4 had the identical backbone to that of polymer I-
4, but having triflimide as counterions exhibited one broad endotherm at low temperature 
region and a Tg at high temperature in the first heating cycle. This Tg was located at ca. 
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374 °C recurred in the subsequent cooling cycle and heating cycles. The low-temperature 
endotherm was related to the loss of entrapped solvent molecules, but it was much 
broader than that of  polymer I-4 signifying that the entrapped solvent molecules were 
much less in this polymer.  The features of thermal transitions of polymers I-5, II-5, I-6 
and II-6 were essentially identical to that of polymer II-4. Figure 28 shows the 
representatives DSC thermograms of polymers I-5 and II-5. The main features were the 
presence of broad endotherm due to loss of entrapped solvent molecules and a relatively 
weak Tg in the first heating cycle. In the subsequent second heating cycle, there was a 
distinctive Tg compared to that in the first heating cycle. No other thermal transitions 
were detected in these polymers suggestive of the fact that they were essentially 
amorphous ionic polymers with the exception of polymer I-4. The amorphous nature of 
these polymers was related to both meta- or ortho- linked quinoline diamine moieties and 
organic counterions. The Tg values of all of the polymers, whenever available, are 
compiled in Table 9.  Note here that triflimide polymers II-5 and II-6 had lower Tg 
values compared to the respective tosylate polymers by 39 °C and 35 °C, respectively, 
which is seen in previously reported viologen polymers31b,c poly(pyridinium salt)s33 as 
well as the polymers in chapter 5 and bis(pyridinium salt)s in chapter 4. These results 
may be related to the fact that triflimide is a bulkier counterion compared to tosylate. 
Furthermore, the Tg values of the polymers from para- to meta- to ortho-linked quinoline 
diamine moieties decreased notably irrespective of the nature of counterions examined. 
Most polymers in this study formed very viscous melts well above their Tg values, which 
were then examined POM studies, but no identifiable thermotropic LC textures were 
detected even after prolonged annealing and shearing. However, in some cases, the  
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Figure 28. DSC thermograms of (a) polymer I-5 and (b) polymer II-5 obtained at heating 
and cooling rates of 10 °C/min in nitrogen. 
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development of birefringence in some regions of polymer samples was clearly observed 
the significance of which were discussed in later section. High Tg temperatures and high 
thermally stable polymers are desirable for many high- performance applications. For 
instance, these conjugated wholly-aromatic ionic polymers could be useful as charge 
transporting layers or other microelectronic applications since they can easily withstand 
the inevitable Joules heating without decomposition. 
6.3.5 Optical Properties 
Poly(pyridinium salt)s were demonstrated to possess good light emitting behavior in 
both the alkyl and fully aromatic systems.33 In the polymer series reported here new 
quinoline diamine chromophores were incorporated in their backbones, since quinoline 
chromophore shows excellent optical properties in neutral oligomeric17 and polymeric 
materials.46-47 Moreover, the synthesized polymers had excellent solubility in common 
organic solvents (vide supra). Therefore, we were able to examine their 
photoluminescence properties in solvents of various polarities (ε = 2.4-37.5) as well as in 
the film states. Their optical properties including fluorescence, UV-Vis absorption,  
Table 10. Optical Properties of the Poly(pyridinium salt)s. 
Polymer I-4  II-4  I-5  II-5  I-6  II-6  
λmax (abs)  (nm) 350 255, 350 335 255, 345 260, 335 260, 335 
HOMO-LUMO gap (eV) 3.20 3.21 3.27 3.26 3.26 3.27 
PL λem CHCl3 (nm) - - - 435 453 474 
PL λem THF (nm) - 500 - 498 - 483 
PL λem Acetone (nm) - 518 - 522 - 500 
PL λem CH3OH (nm) 518 - 516 - 492 492 
PL λem CH3CN (nm) - 520 521 521 497 495 
PL λem film (nm) 395a 506b 389a 497b 469a 462b 
φ (%)c  2.4d 13.9 0.9 1.2 0.7 0.5 
aPolymer films cast from CH3OH. bPolymer films cast form CH3CN.  cQuantum yields 
were calculated with 9,10-diphenylanthracene as a standard (ΦF = 0.9). dQuantum yield 
measured in CH3OH.  
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optical HOMO-LUMO gaps and quantum yields are compiled in Table 10. In Figure 29a 
displays the photoluminescence spectra of polymers I-4-I-6 in methanol solutions. 
Polymers I-4 and I-5 had similar light emissions with λem peaks at 518 and 516 nm, 
respectively, when excited at 340 nm light. Polymer I-6 exhibited a hypsochromically 
shifted λem peak at 492 nm when excited at 330 nm when compared to those of polymers 
I-4 and I-5. This hypsochromic shift of this polymer may be related to the presence of 
ortho-linked quinoline moieties, which precluded the formation of extensive interpolymer 
chain interaction of the polymer chains. Because of the absence of interpolymer chain 
interaction of the polymer chains in this polymer, the anti-bonding π* character was not 
decreased to an appreciable extent resulting in a hypsochromic shift. Figure 29b shows 
the light emission spectra of polymers II-4-II-6 each of which contained triflimide 
counterions in acetonitrile. Polymers II-4 and II-5 emitted light essentially at similar 
wavelengths of λem peaks at 520 and 521 nm, respectively, when excited with 340 nm 
light. These λem peaks were very similar to those of the respective tosylate polymers. On 
the other hand, polymer II-6 was hypsochromically shifted having λem peak at 495 nm 
when excited with 335 nm light. Exchange of counterion from tosylate to triflimide 
resulted in a small change of photoluminescence in the solution state, suggesting that the 
counterion had a little effect on the light emission in polar organic solvents. Polymers I-6 
and II-6 having the identical backbone but different counterions displayed overall higher 
solubilities in various organic solvents compared to the other ionic polymers in this study. 
As a result, their light emission properties were examined extensively. Polymers I-6 and 
II-6 had similar photoluminescence properties when examined in polar solvents such as 
methanol and acetonitrile, when compared to the other poly(pyridinium salt)s in the  
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Figure 29. Emission spectra of (a) polymers I-4-I-6 in methanol and (b) polymers II-4-
II-6 in acetonitrile at various excitation wavelengths. 
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series. In contrast, when examined in chloroform-a less polar solvent-polymer I-6 
showed a significant hypsochromic shift of 44 nm having a λem peak at453 nm, when 
excited with 340 nm wavelength of light. Similarly, polymer II-6 also exhibited a small 
hypsochromic shift of 21 nm having a λem peak at 474 nm when excited at identical 
excitation wavelength of light. These polymers clearly exhibited a positive 
solvatochromic effect, since the λem peaks shifted to higher wavelengths with the increase 
in polarities of organic solvents. These results indicated that the higher aggregation 
phenomena results from the interpolymer chain interaction in polar solvents than in non-
polar solvents. Quantum yields of these poly(pyridinium salt)s were also examined. 
Polymers I-4 and II-4 had values of 2.4% and 13.9%, respectively. The remaining 
polymers in this study had lower quantum yields in the range of 0.5 to 1.2 % but 
comparable to those of the neutral LEPs.3c-e,4,5 The optical band gaps (Eg) were 
determined by the onset of the UV-Vis absorption spectra. Their values ranged from 
3.20-3.27 eV, which were comparable to previously reported poly(pyridinium salt)s33 
including those with isomeric pyridine moieties described in chapter 5 and the 
bis(pyridinium salt)s from chapter 4 but were generally lower than the other π-conjugated 
LEPs.3c-e Furthermore, their fwhm values were >100 nm, which suggested that their light 
emission stemmed from multiple chromophores. These results are in good agreement 
with other classes of poly(pyridinium salt)s.33 
Thin films of the polymers in these series were cast onto quartz plates from either 
methanol or acetonitrile. Their solid- state emission spectra are shown in Figure 30. 
Polymers I-4-I-6 cast from methanol exhibited λem peaks at 395, 389 and 469 nm when 
excited at 230, 230 and 340 nm wavelengths of light, respectively (Figure 30a).   
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Figure 30. Emission spectra of thin films of (a) polymers I-4-I-6 cast from methanol and 
(b) polymers II-4-II-6 cast from acetonitrile at various excitation wavelengths.  
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Polymers I-4 and I-5 emitted UV light in the solid state similar to poly(pyridinium salt)s 
with anthracene moieties.33e  In contrast,  the λem peak at 469 nm of polymer I-6 was 
bathochromically shifted by 76 and 80 nm from those of polymers I-4 and I-5, 
respectively. These results suggested that polymer I-6 had more ordered film morphology 
with respect to those of polymers I-4 and I-5.  Their λem peaks in thin films were shifted 
hypsochromically by 123, 127 and 23 nm, respectively, compared to their solution 
spectra in methanol. Triflimide polymers II-1-II-3, cast from acetonitrile , showed λem 
peaks at 506, 497 and 462 nm when excited at 340, 350 and 330 nm light (Figure 30b). 
These triflimide polymers exhibited opposite trends compared to their tosylate adducts. 
Polymers II-4 and II-5 emitted green light with λem peaks at 506 and 497 nm and 
polymer II-3 had λem peak at 462 nm, which was hypsochromically shifted with respect 
to the former two polymers. Compared to their solution emission spectra in acetonitrile, 
the λem peaks of polymers II-4-II-6 were shifted slightly hypsochromically by 14, 24 and 
33 nm, respectively. These observed hypsochromic shifts in both tosylate (large) and 
triflimide polymers (small), which is not common for neutral LEPs;3c-e,4,5  however, these 
results are in excellent agreement with those of other reports of poly(pyridinium salt)s.33 
6.3.6 Morphology 
In this section we examined the morphology of these polymers in the thin film states 
as well as fibers drawn from their melts microscopically. Thin film of this polymer was 
prepared by placing small amount of polymer between two cover glasses and annealing it 
at temperature above its Tg value. Producing a thin film from polymer II-4 was difficult 
due to its high viscosity of its melt, even at 30-40 °C above their Tg value. However, the 
melts of polymers I-5 and II-5 were also very viscous, but thin films were relatively  
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Figure 31. POM photomicrographs of glasses of (a) polymer I-6, (b) polymer II-6; and 
melt drawn fibers of (c) polymer I-6, and (d) polymer II-6. 
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Figure 32. SEM images of fibers of (a) polymer I-6 and (d) polymer II-6.   
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easier to prepare. As shown in Figure 31a-b, the thinnest and most uniform films were 
produced from the melts of polymers I-6 and II-6. They were examined with POM 
studies by using a red quarter plate. Several cracks and deformations occurred in the 
glassy phase when the film was cooled at a fast rate. An interesting birefringent texture 
was observed in each of these micrographs. Note here that this texture was developed 
only in some regions of each of these polymers. This birefringent texture was a 
preliminary indication of a LC phase in these two polymers. The identification of this LC 
phase warrants further studies with variable temperature X-ray techniques. Similar LC 
phase was observed previously in other poly(pyridinium salt)s.33g  Since the melts of 
polymers I-4, I-5, II-4 and II-5 were quite viscous, we were unable to form fibers from 
their melts. In contrast, we produced fibrous structures of diameters of ca. 70-200 µm 
from the melts of polymers I-6 and II-6.  In Figure 31c-d the POM photomicrographs 
taken by using a red quarter plate show their apparent uniform nature. To elucidate the 
morphology of these fibers we examined them with scanning electron microscopy (SEM) 
studies. Figure 32 shows the SEM image of the melt drawn fiber of polymer I-6, which 
reveals that this fibrous structure is composed of a bundle of small fibers, though it 
displays uniformity in its cross section (Figure 32a). Conversely, the SEM image of the 
fiber prepared from polymer II-6 revealed some evidence of ridges along its vertical axis 
(Figure 32b). Next, we also examined the thin film morphology formed from dilute 
solutions of these polymers in organic solvents with transmission electron microscopy 
(TEM) studies.  For these studies, the samples were prepared from either methanol or 
acetonitrile solutions of polymer concentrations of 2 wt% or 5 wt%. As seen in Figure 
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33a, polymer I-4 produced spherical particles of irregular shapes that were ubiquitous. 
Polymer I-5 formed a very dense film, while its morphology was very difficult to 
determine (Figure 33b). Polymer I-6 had the most irregular backbone and produced a 
unique network with a somewhat globular nature (Figure 33c). While tosylate polymers 
produced films with uniform texture, the triflimide polymers exhibited a drastically 
different morphology. Even though polymer II-4 seemed to form similar spherical  
(a)                                            (b)                                          (c) 
   
(d)                                            (e)                                          (f) 
 
Figure 33. TEM images (a) polymer I-4 (5 000x) from 2% CH3OH solution, (b) polymer 
I-5 (5 000x) from 2% CH3OH solution, (c) polymer I-6 (2 900x) from 5% CH3OH 
solution, (d) polymer II-4 (15 000x) from 2% CH3CN solution, (e) polymer II-5 (1 700x) 
from 2% CH3CN solution,  and (f) polymer II-6 (1 900x) from 2% CH3CN solution. 
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structures like polymer I-4, the structures were not uniformly distributed and, instead, 
were clumped together in isolated areas (Figure 33d). Polymers II-5 and II-6 produced 
doughnut-shaped particles of variable sizes that were once again unevenly dispersed 
throughout the samples (Figure 33e-f). From this analysis we can deduce that not only the 
polymer chain is responsible for the morphology of the samples but also the nature of the 
counterion. The morphology of these polymers was also dependent on the polarity of 
solvents used for these studies. Overall, the information gives some insight into the 
morphology of this class of poly(pyridinium salt)s and could potentially serve as a 
guideline when preparing functional devices. 
6.4 Summary 
Several poly(pyridinium salt)s with tosylate and triflimide counterions were prepared 
by either a ring-transmutation polymerization or a metathesis reaction. Their chemical 
structures were verified with FTIR, NMR spectroscopy and elemental analysis. The range 
of their viscosities was rather broad from 0.06 to 0.80 dL/g. Their weight-average 
molecular weights were in the range of 26 000-78 000 as was determined by GPC 
analysis. All the polymers had excellent thermal stability >350 °C, which was mainly 
affected by the chemical structures of organic counterions. They were completely 
amorphous with high glass transition temperatures in the range of 243-374 °C. This class 
of poly(pyridinium salt)s was soluble in a wide range of organic solvents, an essential 
trait for their processability into thin films by either spin-coating or ink-jet printing 
techniques. Moreover, the critical concentrations were exceeded in many of these 
polymers to form a fully-grown lyotropic liquid-crystalline phase in methanol, 
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acetonitrile and DMSO. The morphologies of these polymers exhibited unique textures in 
both the thin films and melt drawn fibers as examined with POM, SEM and TEM studies. 
They fluoresced light in the non-polar solvents, the polar solvents and in the solid 
state. In solutions, they emitted light ranging from blue to green and exhibited 
solvatochromism. In the solid state, an unusual phenomenon occurred where several 
polymers exhibited a UV light emission.33e In some cases, light emission changed 
significantly (ca. 127 nm) going from solution to solid state. Their quantum yields were 
moderate but occasionally rather high as in the case of polymer II-5 with a quantum yield 
φ = 13.9%. 
In this and the last chapter, we examined thoroughly how poly(pyridinium salt)s were 
affected by both isomeric quinoline and isomeric pyridine moieties. Even though, the 
meta- and ortho- linked heterocycles had improved solubilities, their lyotropic LC 
properties diminished and their thermal transition were lowered, therefore in the next 
chapter, we focused on another series poly(pyridinium salt)s with para- linked 
bisquinoline moieties. 
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CHAPTER 7  
SOLUTION, THERMAL AND OPTICAL PROPERTIES OF NEW 
POLY(PYRIDINIUM SALT)S DERIVED FROM  
BISQUINOLINE DIAMINES 
7.1 Objective 
In this chapter, we describe a new series of wholly aromatic poly(pyridinium salts), 
with tosylate and triflimide counterions, having three bisquinolines moieties in their main 
chains, prepared through ring-transmutation and metathesis reactions. Their structures 
were established through NMR, FTIR and elemental analysis. Their solution, thermal and 
photoluminescence properties in both solution and film were also examined. The general 
structures and designation of these polyelectrolytes, which were used in this work, are 
shown in Figure 34. 
7.2 Synthetic Procedures 
Synthesis of 6,6̕-dinitro-4,4̕-phenyl-2,2̕-(1,4-phenylene)bisquinoline: 
5.10 g (21.0 mmol) 2-amino-5-nitrobenzophenone and 1.70 g (10.5 mmol) 
diacetylbenzene were added to 30.0 mL of acetic acid. 5.00 mL of sulfuric acid were 
added to the reaction mixture which was refluxed for 4 h.  Shortly after reaching reflux a 
bright yellow precipitate formed. After completion, the reaction was cooled down to 
room temperature. It was poured slowly into ammonium hydroxide/ ice mixture 
(150mL/120mL). The precipitate was collected and washed with hot water, hot ethanol 
and hot DMF sequentially. The crude compound was insoluble in any solvent. The yield  
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Figure 34. Synthesis of Poly(pyridinium salt)s 
was 5.85 g (10.2 mmol, yield 97 %). Elem. Anal. calcd. C36H22N4O4 (574.60):  C, 75.25; 
H, 3.86; N, 9.75. Found: C, 74.24; H, 4.45; N, 9.68. NMR analysis could not be 
performed.  
 
Synthesis of 6,6̕-dinitro-4,4̕-phenylbisquinoline: 
To prepare 6,6̕-dinitro-4,4̕-phenylbisquinoline the same synthetic procedure was 
followed as for 6,6̕-dinitro-4,4̕-phenyl-2,2̕-(1,4-phenylene)bisquinoline. The crude 
product was insoluble therefore; further purification was not possible. Yield = 60 %, 
insoluble, grey solid. NMR analysis could not be performed.  
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Figure 35. Synthesis of Bisquinoline Diamines 
 
Synthesis of 6,6̕-dinitro-4,4̕-phenyl-2,2̕-(1,12-bis(4-phenoxy)dodecane)bisquinoline: 
To prepare 6,6̕-dinitro-4,4̕-phenyl-2,2̕-(1,12-bis(4-phenoxy)dodecane)bisquinoline the 
same synthetic procedure was followed as for 6,6̕-dinitro-4,4̕-phenyl-2,2̕-(1,4-
phenylene)bisquinoline. Yield = 55 %, recrystallized from DMF. Elem. Anal. calcd.  
C54H50N4O6 (851.01):  C, 76.21; H, 5.92; N, 6.58. Found: C, 76.18; H, 6.24; N, 6.80. 
NMR analysis could not be performed.  
 
Synthesis of 6,6̕-diamino-4,4̕-phenyl-2,2̕-(1,4-phenylene)bisquinoline: 
2.50 g (43.5 mmol) of 6,6̕-dinitro-4,4̕-phenyl-2,2̕-(1,4-phenylene)bisquinoline, 9.80 g 
(43.5 mmol) of tin chloride and 17.0 mL of hydrochloric acid in 2-methoxyethanol was 
refluxed for 12 h. Upon completion the mixture was cooled down to room temperature 
and it was poured in water. Potassium hydroxide was added until the mixture is 
neutralized. The crude product was collected and washed with plenty of water. The crude 
compound was recrystallized from toluene to give 1.80 g (3.50 mmol, yield 80 %) of 
yellow crystals. Note that hydrazine reduction failed in ethanol, DMF and 2-methoxy 
ethanol. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.34 (s, 4H), 7.87 (d, J = 9.0 Hz, 2H), 
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7.83 (s, 2H), 7.69-7.47 (m, 10H), 7.19 (dd, J = 9.0, 2.4 Hz, 2H), 6.80 (d, J = 2.4 Hz, 2H), 
5.69 (s, 4H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 150.5, 148.3, 146.0, 143.0, 139.8, 
139.4, 131.3, 130.0, 129.3, 128.7, 127.9, 127.5, 122.5, 119.2, 103.1. Elem. Anal. calcd. 
C36H26N4 (514.35):  C, 84.02; H, 5.09; N, 10.89. Found: C, 83.75; H, 5.41, N, 10.88. 
 
Synthesis of 6,6̕-diamino-4,4̕-phenylbisquinoline: 
To prepare 6,6̕-diamino-4,4̕-phenylbisquinoline the same synthetic procedure was 
followed as for 6,6̕-diamino-4,4̕-phenyl-2,2̕-(1,4-phenylene)bisquinoline. Yield = 57 %, 
recrystallized from toluene to give brown crystals. Solvent was entrapped in the 
compound, which was rigorously dried at 202 °C over vacuum. The solvent removal was 
monitored by TGA. 1H-NMR (400 MHz, d6-DMSO) δ ppm 8.39 (s, 2H), 7.84 (d, J = 9.0 
Hz, 2H), 7.69-7.50 (m, 10H), 7.16 (dd, J = 9.0, 2.4 Hz, 2H), 6.80 (d, J = 2.4 Hz, 2H), 
5.71 (d, J = 6.8 Hz, 4H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 150.9, 148.6, 145.7, 
142.5, 139.6, 131.3, 129.8, 129.4, 128.7, 122.3, 119.0, 103.3. Elem. Anal. calcd. 
C30H22N4 (438.54):  C, 82.17; H, 5.06; N, 12.78. Found: C, 81.95; H, 5.42; N, 12.61. 
 
Synthesis of 6,6̕-diamino-4,4̕-phenyl-2,2̕-(1,12-bis(4-phenoxy)dodecane)bisquinoline: 
2-methoxy ethanol suspension (100mL) of the 3.50 g (23.0 mmol) 6,6̕-dinitro-4,4̕-
phenyl-2,2̕-(1,12-bis(4-phenoxy)dodecane)bisquinoline was heated to 50 °C in presence 
of 0.100 g of Pd/C and 4.00 mL of hydrazine monohydrate was added over 30 min as the 
reaction proceeded the solution cleared up. The reaction was kept at reflux for another 12 
h.  Upon completion the reaction mixture was filtered over Celite twice to remove all the 
Pd/C. The 2-metoxy ethanol was removed under reduced pressure. The crude product 
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was recrystallized from toluene to yield 1.80 g (22.8 mmol, yield 62 %). Note the crystals 
grew slowly. Hydrazine reduction failed in ethanol due to the limited solubility. Tin 
chloride reduction method was also unsuccessful. 1H-NMR (400 MHz, d6-DMSO) δ ppm 
8.14 (d, J = 8.9 Hz, 4H), 7.81 (d, J = 8.9 Hz, 2H), 7.69 (s, 2H), 7.63-7.54 (m, 8H), 7.54-
7.47 (m, 2H), 7.17 (dd, J = 8.9, 2.4 Hz, 2H), 7.00 (d, J = 8.9 Hz, 4H), 6.80 (d, J = 2.4 
Hz, 2H), 5.59 (s, 4H), 3.98 (t, J = 6.4 Hz, 4H), 1.77-1.65 (m, 4H), 1.39 (dd, J = 13.7, 6.0 
Hz, 4H), 1.25 (m, 12H). 13C-NMR (100 MHz, d6-DMSO) δ ppm 159.2, 150.1, 147.1, 
145.1, 142.1, 138.7, 131.5, 130.2, 129.2, 128.5, 127.9, 127.7, 126.6, 121.5, 117.9, 114.4, 
102.5, 67.4, 28.9, 28.6, 25.4. Elem. Anal. calcd. C54H54N4O2 (791.05):  C, 81.99; H, 6.88; 
N, 7.08. Found: C, 82.00; H, 7.20; H, 7.17. 
7.3 Results and Discussion 
7.3.1 Chemical Structures 
The chemical structures of the poly(pyridinium salt)s described here are consistent 
with their spectroscopy analysis via 1H and 13C NMR, FTIR as well as elemental 
analysis. Disappearance of the proton and carbon signal of the vinylogous signal, in 
polymers I-7-I-9 spectra, suggested that the ring-transmutation reaction proceeded to 
completion.41 The metathesis reaction was followed by the disappearance of the tosylate 
counterion characteristic peaks in polymers II-7-II-9. The 1H NMR peaks for all 
polymers are broad and not well resolved due to their high viscosities and high molecular 
weights, which confirmed through GPC analysis (vide infra). The FTIR spectra showed 
the following representative characteristic peaks for polymer I-7: 3058 (=C-H aromatic 
stretching), 1618-1449 (C=C and C=N aromatic ring stretching), 1197 (C-N+), 1121 
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(S=O asymmetric stretching), 1034-1012 (S=O symmetric stretching, d) and 897-680 cm-
1
 (=C-H out-of-plane bending). The FTIR representative characteristic peaks for polymer 
II-7: 3063 (=C-H aromatic stretching), 1617-1452 (C=C and C=N aromatic ring 
stretching), 1349 (C-F stretching), 1193 (C-N+), 1136 (S=O asymmetric stretching), 1058 
(S=O symmetric stretching) and 899-699 cm-1 (=C-H out-of-plane bending). Elemental 
analysis data: Polymer I-7: Anal. calcd for C84H60N4O6S2 (1285.56): C, 78.48; H, 4.70; 
N, 4.36; S, 4.99. Found: C, 76.00; H, 5.49; N, 4.27; S, 4.71. Polymer I-8: Anal. calcd. for 
C90H64N4O6S2 (1361.66): C, 79.84; H, 4.74; N, 4.11; S, 4.71. Found: C, 75.84; H, 4.88; 
N, 4.19; S, 5.17. Polymer I-9: Anal. calcd. for C108H92N4O8S2 (1669.06): C, 77.72; H, 
5.56; N, 3.36; S, 3.84. Found: C, 76.80; H, 6.36; N, 3.47; S, 4.48. Polymer II-7: Anal. 
calcd. for C74H46N6O8S4F12 (1534.42): C, 57.93; H, 3.02; N, 5.48; S, 8.36. Found: C, 
60.66; H, 3.61; N, 5.68; S, 7.77. Polymer II-8: Anal. calcd. for C80H60N6O8S4F12 
(1579.54): C, 60.83; H, 3.19; N, 5.32; S, 8.12. Found: C, 61.28; H, 3.56; N, 5.50; S, 8.48. 
Polymer II-9: Anal. calcd. for C98H78N6O10S4F12 (1855.97): C, 63.42; H, 4.24; N, 4.53; 
S, 6.91. Found: C, 63.80; H, 4.13; N, 4.61; S, 7.40. For detailed information all the NMR 
and FTIR spectra are provided in the Appendix 4. 
Table 11. GPC data of the Poly(pyridinium salt)s. 
Polymer IV (dL/g) Mn Mw Mw/Mn dn/dc (mL/g) α K 
I-7 0.65 53,193 153,517 2.89 0.1200 0.71 1.96 × 10-4 
II-7 1.10 59,950 194,346 3.24 0.1500 0.71 2.83 × 10-4 
I-8 0.28 60,188 78,174 1.30 0.0700 1.46 3.28 × 10-8 
II-8 0.74 71,921 125,614 1.33 0.1500 1.21 7.08 × 10-7 
I-9 1.22 77,628 101,248 1.30 0.1400 0.93 3.05 × 10-5 
II-9 1.29 79,266 107,266 1.35 0.1400 0.89 4.59 × 10-5 
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7.3.2 Molecular Weight Determination 
The molecular weight data, for the poly(pyridinium salt)s here, are summarized in 
Table 11, which also shows Mark-Houwink constants α and K as well as dn/dc values. 
Their intrinsic viscosities were in the ranged of 0.65-1.29, which are similar to other 
poly(pyridinium salt)s33g-i but  lower than other neutral polyquinolines.46-47 The exchange 
of the counterion from tosylate to triflimide resulted in an increase in the intrinsic 
viscosity in each of the polymers. Surprisingly, the polymers I-9 and II-9 had higher 
viscosities despite the presence of flexible alkyl chain in each of them when compared to 
the other completely aromatic polymers in this series. Number-average molecular (Mn) 
weight for these series of polymers was as low as 53,000 and as high as 79,000. Their 
weigh-average molecular weights (Mw) ranged from 78,000 to 194,000. Generally, both 
The Mn and Mw increased when exchanging the counterion from tosylate to triflimide, 
which is expected since triflimide counterion had higher molecular weight than tosylate. 
The polydispersity indices (Mn/Mw) for polymers I-7 and II-7 were relatively broad 2.89 
and 3.24, respectively. Other polymers had quite narrow polydispersities (1.30 – 1.35), 
which are in excellent agreement with those reported in the literature.33g-i Overall, these 
polymers had substantially high molecular weights to properly assess their physical 
properties without concerns with regard to the effect of molecular weights on these 
properties. 
7.3.3 Solution Properties 
 Solubility in common organic solvents is a desirable property in order to process 
polymers into thin films. Highly conjugated polymer like Kevlar,39 have generally limited 
solubility in strong acids and therefore are difficult and expensive to make into functional 
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materials. Poly(pyridinium salt)s have good solubility in common organic solvent since 
they have a formal positive charge in their backbones. All of the ionic polymers 
described herein were soluble in solvents such as methanol, acetonitrile and DMSO, 
among others, despite the bisquinoline moieties in their main chains. Neutral 
polyquinolines are soluble only in high boiling solvents or completely insoluble, thereby 
limiting their potential use.46-47 In contrast, the ionic polymers could not only be easily 
processed into thin functional films but also they could be utilized for preparation of 
nanocomposites with proper polyanions. 28 Furthermore, we were motivated to study their 
lyotropic liquid crystal (LC) properties because poly(pyridinium salt)s have been 
demonstrated to form a mosaic texture or Maltese crosses when critical concentraion (*C) 
is exceeded.33 The solution properties of the ionic polymers in this study are summarized 
in Table 12. Polymer I-7, which had tosylate counterions had low solubility in methanol 
and acetonitrile, but developed only biphasic solutions of anisotropic and isotropic phase 
up to 20 wt% in both cases. Its solubility in DMSO was excellent. It retained isotropic 
solution at relatively high concentrations but at 41 wt% in this solvent it exhibited fully 
developed lyotropic LC phase was determined by polarizing optical microscope (POM)  
Table 12. Solution Properties of the Poly(pyridinium salt)s. 
Polymer I-7 II-7 I-8 II-8 I-9 II-9 
CH
3
OH 
(ε=32.6) 
1%-20% 
Biphasic - 
10% 
Lyotropic - 
Up to 20% 
Isotropic 
20% 
Biphasic 
CH
3
CN 
(ε=37.5) 
1%-20% 
Biphasic 
10% 
Lyotropic 
19% 
Biphasic 
29% 
Lyotropic 
Up to 21% 
Isotropic 
30% 
Biphasic 
DMSO 
(ε=48.9) 
41% 
Lyotropic 
19%-39% 
Lyotropic 
Up to 41% 
Isotropic 
41% 
Biphasic 
Up to 41% 
Isotropic 
Up to 41% 
Isotropic 
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Figure 36. Photomicrograph of polymer II-8 at 29 wt% CH3CN under cross polarizers 
exhibiting lyotropic LC phase (Magnification 400x). 
studies. Triflimide polymer II-7 was not soluble in methanol but formed lyotropic LC 
phase in both acetonitrile and DMSO at relatively low concentrations (Table 12). Next 
polymer I-8 showed a lyotropic LC phase, biphasic solution and isotropic solution in 
methanol, acetonitrile and DMSO, respectively. Polymer II-8 was not soluble in 
methanol similar to II-7 but formed a lyotropic LC phase in acetonitrile at relatively low 
concentration (Figure 36), but formed a biphasic solution in DMSO at relatively high 
concentration of 41 wt%. Tosylate polymer I-9 had very good solubility in the chosen 
solvents (Table 12) but no LC was observed in any of them. On the other hand, its 
triflimide counterpart polymer II-9, formed biphasic solutions in methanol and 
acetonitrile, but did not form a fully-grown lyotropic phase in any of these solvents 
(Table 12). Like polymer I-9, it also formed an isotropic phase at relatively high 
concentration of 41 wt%. Overall, two trends were observed. First, the completely 
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conjugated polymers were able to form lyotropic LC phase more efficiently than the 
polymers with flexible alkyl chains. Second, the exchange of the counterion from tosylate 
to triflimide increased the polymers solubility in acetonitrile but decreased its solubility 
in methanol, as seen for the polymers described in chapters 5 and 6, which also affected 
the formation of the lyotropic LC phase. 
7.3.4 Thermal Properties 
7.3.4.1 Thermal Stability 
While using under harsh conditions such as high temperature, materials are prone to 
decompose therefore high thermal stability is an essential quality to function properly. 
Introducing heterocyclic moieties such as quinolines have shown to yield materials with 
high decomposition temperatures.46-47 The downside is that these materials have poor 
solubility. The poly(pyridinium salt)s with bisquinoline moieties described herein had not 
only excellent thermal stability but also good solubility in common organic solvents (vide 
supra). Their decomposition temperatures ranged from 336 °C to 447 °C as shown in 
Table 13. First polymers I-7 and II-7 were fully aromatic therefore had similar 
decomposition temperatures while polymers I-9 and II-9, which had an alkyl chain group 
in the main chains, had lower thermal stability. Generally, polymers with triflimide 
counterions had higher thermal stability than the polymers with tosylate counterions by 
 Table 13. Thermal properties of Poly(pyridinium salt)s. 
Polymer I-7  II-7  I-8  II-8  I-9  II-9  
Tga  -  - - - 174 °C  119 °C  
Tdb 367 °C  445 °C 367 °C 447 °C 336 °C 389 °C 
aGlass transition reported from the DSC’s second heating cycles. bThermal 
decompositions reported at 5% loss. 
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Figure 37. TGA plots of polymers I-9 and II-9 obtained at a heating rate of 10 °C/min in 
nitrogen. 
78 °C, 80 °C, and 53 °C, respectively, for the these polymers. These results are in 
excellent agreement with those of viologen polymers31b,c and poly(pyridinium salt)s33 
reported previously. As mention in chapters 5 and 6, this presumably can be attributed to 
the following two reasons. First, sodium tosylate (155 °C) had much lower 
decomposition temperature than lithium triflimide (363 °C). Second, triflimide 
counterion is a significantly weaker nucleophilic character compared to tosylate, 
therefore it acts as a nucleophile to cause the degradation of the polymer chain at higher 
temperature. A weight loss of 2-3% was observed in each of the tosylate polymers, which  
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(a) 
 
(b) 
 
Figure 38. DSC thermograms of (a) polymer I-9 and (b) polymer II-9 obtained at heating 
and cooling rates of 10 °C/min in nitrogen. 
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is due to loss of solvent trapped in the polymer matrix (Figure 37), even after extensive 
drying under vacuo at high temperatures. 
7.3.4.2 Thermal Transitions 
Neutral aromatic polyquinolines have shown to exhibit Tgs >260 °C.15 Polymers I-7 
and II-7 did not show any thermal transitions before their decomposition temperatures, 
which implied that their theoretical Tgs are very high. The polymers I-9 and II-9 have Tgs 
at 174 °C and 119 °C, respectively, because of the presence of twelve methylene units in 
their backbones (Figure 38). Change of the counterion from tosylate to triflimide resulted 
in the lowering of Tg by 55 °C.  This phenomenon is presumably related to the bulkier 
size of triflimide counterion compared to tosylate, which in turn resulted in the reduction 
of Tg. Similar behavior is commonly observed in many ionic liquids25 and the materials 
in the previous chapters, where triflimide anion lowers their thermal transitions 
substantially. 
7.3.5 Optical Properties 
As demonstrate in the previous chapters 5 and 6 heterocyclic moieties have 
interesting effect of the photoluminescence properties of poly(pyridinium salt)s. Many 
neutral photoresponsive molecular17 and polymeric46-47 quinoline materials have been 
developed in recent years. In the series of poly(pyridinium salt)s demonstrates herein we 
explore the effect of bisquinoline moieties on their light emitting properties both in 
solutions and solid states. Their optical properties including UV-Vis absorption spectra, 
photoluminescence and quantum yields are summarized in Table 14. The 
photoluminescence spectra of tosylate polymers I-7-I-9 in methanol solutions are plotted  
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Table 14. Optical Properties of the Poly(pyridinium salt)s. 
Polymer I-7 II-7 I-8 II-8 I-9 II-9 
λmax (abs)  (nm) 350 355 305, 345 300sh, 360 345 295sh, 345 
HOMO-LUMO gap (eV) 3.08 3.20 2.88 3.12 3.14 3.20 
PL λem CH3OH (nm) 502 500 540 471 461 461 
PL λem CH3CN (nm) 451, 481 505 454 547 445 448 
PLλem film (nm) 472 495 - 513 530 468 
φF (%)a 1.2 1.1 15.0 0.9 1.1 0.85 
aQuantum yields were calculated with diphenyl anthracene as standard (φF = 0.9). 
in Figure 39a. Polymer I-7 exhibited emission peaks (λmax) at 502 nm when excited with 
340 nm light. Polymer I-8 showed a large bathochromically shifted λmax at 540 nm when 
excited at 345 nm light. This shift was expected since polymer I-8 had longer 
conjugation. In contrast, polymer I-9 exhibited a hypsochromic shift at 461 nm when 
excited with 275 nm light, compared with those of polymers I-7 and I-8 because its 
conjugation was broken by the presence of twelve methylene units in its main chain. 
Similar behavior was observed for photoluminescence of polymer II-7- II-9 in 
acetonitrile (Figure 39b). They showed λem at 505, 547 and 448 nm when excited with 
340, 340 and 385 nm wavelength of light, respectively. In some cases, exchange of the 
counterion form tosylate to triflimide resulted in a large shift in the wavelength of light 
emission in solution (polymer I-8 and II-8). In other cases the shift was negligible or 
non-existing (polymer I-9 and II-9). Their full width half maximum (fwhm) values were 
generally quite large (>100 nm), which suggested that their fluorescence properties stem 
from multiple chromophores present in these ionic polymers, which are in good 
agreement with those in other poly(pyridinium salt)s reported previously 33 as well as in 
bis(pyridinium salt)s in chapter 4 and the ionic  polymers described in chapters 5 and 6. 
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Figure 39. Emission spectra of (a) polymers I-7-I-9 in methanol and (b) polymers II-7-
II-9 in acetonitrile at various excitation wavelengths. 
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Mostly, their quantum yields were moderate (0.85% - 1.2%) except for polymer I-8, 
which had quantum efficiency of 15%. Additionally, the optical HOMO-LUMO gaps 
(Eg) were assessed from the onset of the UV-Vis spectra for this polymer series. Their 
values ranged from 2.88 to 3.20 eV, which was typical for bis(pyridinium salt)s (chapter 
4) and (pyridinium salt)s33 (chapters 5 and 6) but generally high for neutral light emitting 
polymers.3c-e,4,5 
To determine effectively the potential polymers for optoelectronic applications of 
these ionic polymers, we studied their optical properties in solid state. Figure 40a shows 
thin films emissions of the tosylate polymers I-7 and I-9 cast from acetonitrile. Polymer 
I-7 exhibited λem at 472 nm when excited with 335 nm light.  It showed a 
hypsochromically shift when compared to that of its solution spectrum. This result is 
consistent with the results of other poly(pyridinium salt)s reported previously.33 
Interestingly, polymer I-9 showed a light emission peak at 530 nm, when excited with 
345 nm light in thin film, which was bathochromically shifted compared to that in 
solution spectrum. This result suggested that in the solid state it was more ordered than 
that in solution, which is common for many neutral light-emitting polymers.3c-e,4,5 This 
unusual behavior is attributed to the long flexible carbon chain present in polymer I-9, 
which allowed an efficient polymer packing. Fluorescence of polymer I-8 was too weak 
to measure in the thin film state. Figure 40b displayed the photoluminescence spectra 
ofpolymer II-7-II-9 in thin film state cast from acetonitrile. They showed λem at 495, 513 
and 468 nm when excited with 340, 350 and 385nm wavelength of light, respectively. 
Polymer II-7 and II-8 were slightly hypsochromically shifted emissions when compared 
to those of their solution spectra in acetonitrile. On the other hand, polymer II-9 showed 
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Figure 40. Emission spectra of thin films of (a) polymers I-7-I-9 and (b) polymers II-7-
II-9 cast from acetonitrile at various excitation wavelengths. 
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slightly bathochromically shifted emission to that of its solution spectrum similar to 
polymer I-9. Exchange of the counterion had somewhat variable effect on the 
fluorescence properties in thin film state. The polymers I-7 and II-7 exhibited a 
bathochromic shift of 22 nm, while polymers I-9 and II-9 showed a hypsochromic shift 
of 62 nm. This difference implied that the counterions in conjunction with the variation 
of the chemical structures of the polymer chains were responsible for the emission of 
light of variable wavelengths. 
7.4 Summary 
Six novel poly(pyridinium salt)s with tosylate and triflimide counterions were 
prepared through either ring-transmutation or metathesis reaction. Their chemical 
structures were confirmed by means of NMR, FT IR and elemental analysis. Their 
inherent viscosity ranged from 0.65 to 1.29 dL/g and their weight-average molecular 
weights (Mw) ranged from 78,000 to 194,000 as determined by GPC. The thermal 
stabilities of these polymers depended strongly on their counterions and were as high as 
447 °C. The conjugated ionic polymers in this series did not have detectable glass 
transitions before their decomposition temperatures, but even the polymers containing 
flexible twelve methylene units in their main chain had also high glass transitions. They 
had good solubilities in common organic solvents such as methanol, acetonitrile and 
DMSO, which are essential for their processability in preparation of thin films. 
Moreover, they exhibited full-grown lyotropic LC textures in several organic solvents. 
All of these polymers emitted blue and green light in both solutions and solid states. 
Exchange of the counterion from tosylate to triflimide affected the light emission in both 
solutions and films. Their fwhm values were over 100 nm suggesting that their 
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photoluminescent properties stem from the multiple chromophores present in each of 
these polymers. Their quantum yields were comparable to those of π-conjugated light-
emitting polymers. 
In the next chapter, we examined a series of poly(pyridinium salt)s with a ambipolar 
moiety based on an electron deficient quinoline and electron rich TPA like structure. 
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CHAPTER 8  
SOLUTION, THERMAL AND OPTICAL PROPERTIES OF A NEW 
POLY(PYRIDINIUM SALT)S DERIVED FROM AN AMBIPOLAR  
DIAMINE CONSISTING OF DIPHENYLQUINOLINE AND  
TRIPHENYL AMINE MOIETIES 
8.1 Objective 
In this chapter, we describe the synthesis of two poly(pyridinium salt)s of tosylate and 
triflimide counterions having an ambipolar moiety being incorporated into their 
backbones based on electron-deficient diphenylquinoline and electron-rich triphenyl 
amine moieties (Figure 41). Additionally, our foray is to explore their unique solution, 
thermal, and optical properties in both the solution and solid states by using a number of 
experimental techniques. Their morphologies in thin film and fibrous states are also 
examined microscopically. 
8.2 Synthetic Procedures 
Synthesis of 6-nitro-2(4-nitrophenyl)-4-phenylquinoline synthesis was described in 
chapter 4. 
Synthesis of 6-amino-2(4-aminophenyl)-4-phenylquinoline synthesis was described in 
chapter 4. 
Synthesis of N,N-bis(4-nitrophenyl)-2,4-diphenylquinolin-6-amine: 
The N,N-bis(4-nitrophenyl)-2,4-diphenylquinolin-6-amine has been synthesized as 
shown in Figure 42. 3.00 g (10.1 mmol) of 6-amino-2,4-diphenylquinoline, 3.00 g (21.3 
mmol) of 1-fluoro-4-nitrobenzene and 3.54 g (23.3 mmol) of cesium fluoride in 40.0 mL 
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Figure 41. Synthesis of poly(pyridinium salt)s. 
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Figure 42. Synthesis of  N,N-bis(4-aminophenyl)-2,4-diphenylquinolin-6-amine 4.  
of DMSO were heated to 140 °C for 18 h. The reaction mixture was cooled down to 
room temperature and poured in distilled water to precipitate out the crude product. It 
was eluted in chloroform by using a column chromatography on silica gel and 
subsequently its chloroform solution was poured in hexane to afford 3.40 g (6.30 mmol, 
yield 63 %) of orange compound. Tg= 96 °C. 1H NMR (400 MHz, d6-DMSO)δ ppm 8.34 
(td, J = 12.8, 4.29 Hz, 2H), 8.28-8.22 (m, 1H), 8.22-8.17 (m, 4H), 8.08 (s, 1H), 7.66-7.50 
(m, 7H), 7.46 (dd, J = 6.5, 2.7 Hz, 3H), 7.34 (m, J = 9.2 Hz, 4H). 13C NMR (100 MHz, 
d6-DMSO) δ ppm 156.7, 152.0, 148.7, 147.2, 143.3, 143.2, 139.0, 137.6, 132.8, 130.5, 
130.2, 129.6, 129.3, 128.1, 127.0, 126.6 126.3, 123.9, 122.5, 120.4, 120.2.  Anal. Calcd 
C33H22N4O4 (538.57):  C, 73.60; H, 4.12; N, 10.40. Found: C, 73.24; H, 4.52, N, 10.48. 
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Synthesis of N1-(4-aminophenyl)-N1-(2,4-diphenylquinolin-6-yl)benzene-1,4-diamine: 
The N1-(4-aminophenyl)-N1-(2,4-diphenylquinolin-6-yl)benzene-1,4-diamine has been 
synthesized as shown in Figure 42. An ethanol suspension (50.0 mL) of 3.00 g (5.60 
mmol) of N,N-bis(4-nitrophenyl)-2,4-diphenylquinolin-6-amine  was heated to 50 °C in 
the presence of 0.100 g of Pd/C; 3.00 mL of hydrazine monohydrate was added dropwise 
over a 30-minute period. On heating, the solution became homogeneous as the reaction 
proceeded. To ensure complete reduction, the reaction was kept at this temperature for 
additional 12 h. At the end of reaction, the compound was precipitated out even at 
reaction temperature. On cooling, the product was collected and washed with distilled 
water and air dried. On subsequent recrystallization from chloroform it formed a highly 
solvated solid product. The pure diamine was prepared by removing the solvent on drying 
in vacuo at 136 °C. The removal of solvent was monitored by TGA measurement. It was 
1.90 g (4.00 mmol, yield 71 %) of orange crystals. This diamine showed a Tm= 227 °C in 
the first heating cycle and a Tg = 105 °C at the second heating cycle as examined by DSC.  
1H NMR (400 MHz, d6-DMSO) δ ppm 8.32 (s, 1H), 8.24 (dd, J = 5.3, 3.3 Hz, 2H), 7.86 
(d, J = 9.3 Hz, 1H), 7.82 (s, 1H), 7.51 (ddd, J = 8.3, 4.9, 2.4 Hz, 4H), 7.47-7.40 (m, 4H), 
7.21 (dd, J = 9.3, 2.7 Hz, 1H), 7.05 (d, J = 2.7 Hz, 1H), 6.90-6.83 (m, 4H), 6.59-6.53 (m, 
4H), 5.01 (d, J = 8.5 Hz, 4H). 13C NMR (100 MHz, d6-DMSO) δ ppm 152.5, 148.3, 
146.6, 144.3, 143.8, 19.70, 138.6, 135.9 , 130.7 , 130.0 , 129.5 , 129.4, 129.1 , 128.9 , 
127.8 , 127.4 , 126.7 , 123.5 , 119.4 , 115.4 , 108.2. Anal. Calcd C33H26N4 (478.60):  C, 
82.82; H, 5.48; N, 11.71. Found: C, 82.66; H, 5.68, N, 12.00. 
122 
 
8.3 Results and Discussions  
8.3.1 Chemical Structures 
The chemical structures of the polymers in this study were consistent with 
spectroscopic analysis with 1H and 13C NMR, FTIR and elemental analysis. Vinylogous 
signals in both the 1H and the 13C NMR spectra of polymer I-10 were not observed 
suggesting that the ring transmutation reaction went to completion.41 Disappearance of 
the characteristic proton and carbon peaks of the tosylate counterion in the spectra of 
polymer II-10 suggested that the metathesis reaction did also proceed to completion. The 
FTIR spectra showed the following representative characteristic peaks for polymer I-10: 
3048 (=C-H aromatic stretching), 1601-1443 (C=C and C=N aromatic ring stretching), 
1186 (C-N+), 1125 (S=O asymmetric stretching), 1013 (S=O symmetric stretching) and 
822-688 cm-1 (=C-H out-of-plane bending). The FTIR representative characteristic peaks 
for polymer II-10: 3066 (=C-H aromatic stretching), 1615-1451 (C=C and C=N aromatic 
ring stretching), 1348 (C-F stretching), 1193 (C-N+), 1139 (S=O asymmetric stretching), 
1058 (S=O symmetric stretching) and 837-701 cm-1 (=C-H out-of-plane bending). 
Polymer I-10: Anal. Calcd for C75H55N3O6S2(1158.41): C, 77.76; H, 4.79; N, 3.63; O, 
8.29; S, 5.54. Found: C, 76.58; H, 5.86; N, 3.64; S, 5.99. Polymer II-10: Anal. Calcd for 
C65H41N5O8S4F12 (1376.30):  56.73; H, 3.00; N, 5.09; S, 9.32; O, 9.30; F, 16.56. Found: 
C, 57.42; H, 3.33; N, 5.19; S, 9.68. For more detailed information all spectra are provided 
in the Appendix 5. 
8.3.2 Molecular weight determination 
Polymers I-10 and II-10 had intrinsic viscosities of 0.10 and 0.13 dL/g, respectively. 
Their number-average molecular weight (Mn) was 41,000 for the tosylate polymer and 
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50,000 for the triflimide one. They had weight-average molecular weights (Mw) of 59,000 
and 64,000, respectively. Polymer II-10 had a slightly narrower polydispersity (Mn/Mw) 
of 1.27 than that of 1.44 for the polymer I-10. These polymers had reasonably high 
molecular weights compared to those of other previously reported poly(pyridinium 
salt)s,33g,h which would enable one to study their properties without concerns the effect of 
molecular weight on these properties. Figure 43 shows the GPC plots of polymers I-10 
and II-10 that are suggestive of rather expected distributions of molecular weights 
considering the method of polycondensation reaction employed and of monomodal. 
8.3.3 Solution Properties 
To process materials into thin films and fibers sufficient solubility in common organic 
solvents provides a convenient method for solution processing. Most highly conjugated 
polymers are difficult to dissolve due to their efficient π−π stacking.3 Despite the 
presence of multiple aromatic moieties in the polymer chains, their solubility in solvents 
like methanol, acetonitrile and DMSO were excellent because of the presence of ionic 
charges in their backbones in conjunction with the diphenylquinoline and triphenyl amine 
moieties in their chemical structures. This solution property motivated us to extensively 
examine their lyotropic LC properties in various organic solvents. Polymer I-10 had very 
good solubility in methanol and retained its isotropic solution up to 20 wt%. On 
increasing its concentration there was a development of a birefringence and dark domains 
indicative of a biphasic solution. However, a further increase of its concentration did not 
yield a fully-grown LC phase in this solvent. In DMSO, polymer I-10 was also very 
soluble and retained an isotropic solution at relatively high concentrations of 41 wt%. 
Similarly, polymer II-10 formed a biphasic solution in methanol at 20 wt%. In contrast to 
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Figure 43. GPC plots of (a) polymer I-1 and (b) polymer I-2. 
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Figure 44. Photomicrograph of polymer II-10 at 40 wt% CH3CN under cross polarizers 
exhibiting lyotropic LC phase (Magnification 400x). 
polymer I-10, polymer II-10 was soluble in acetonitrile; at 20 wt% it solubility exceeded 
its critical concentration (*C) to form a biphasic solution. Further with the increase of its 
concentration in this solvent resulted in a fully-grown lyotropic LC phase at 39 wt% as 
examined with POM studies. A photomicrograph of such a lyotropic solution of this 
polymer is displayed in Figure 44. It also formed a lyotropic phase as high as up to 51 
wt% in this solvent. Similar to polymer I-10, in DMSO polymer II-10 also formed an 
isotropic solution only. Overall, the exchange of the counterion from tosylate to triflimide 
affected both the solubility and the formation of the LC phase in this ionic polymer as 
seen in the chapters 5-7. 
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8.3.4 Thermal Properties 
The poly(pyridinium salt)s in this study also exhibited excellent thermal stability of 
379 °C for polymer I-10 and 454 °C for polymer II-10 (Figure 45). Polymer II-10 was 
more stable than polymer I-10 to a significant extent of 75 °C. This result may be 
explained by the following two reasons. First, sodium tosylate salt (155 ° C) has a lower  
 
Figure 45. TGA plots of polymers I-10 and II-10 obtained at a heating rate of 10 °C/min 
in nitrogen. 
thermal stability than lithium triflimide (360 °C). Second, triflimide counterion has a 
significantly weaker nucleophilic character compared to tosylate counterion and, 
therefore, acts as a nucleophile to cause the degradation at higher temperature. The 
former statement is supported by the fact that the decomposition products generated from 
poly(pyridinium salt)s with tetrafluoroborate counterions wherein the counterion was the 
first to degrade.32d Overall, this result is in excellent agreement with the decomposition 
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temperatures of analogous  poly(pyridinium salt)s.33 The DSC studies reveal that these 
two polymers were completely amorphous since no other thermal transitions were 
detected in their thermograms as shown in Figure 46, which is a highly  desirable 
property of many materials for various opto-electronic applications.18a,23 Polymer I-10 
showed an endotherm at 104 °C that is attributed to a loss of entrapped solvent 
molecules, which is usually associated with many ionic polymers in general. This 
observation was supported by its TGA thermogram as shown in Figure 45. At 266 °C, a 
distinct Tg was observed, which recurred in the subsequent cooling and heating cycles. 
Polymer II-10 had significantly less entrapment of solvent molecules; as a result it 
showed a small endotherm at 89 °C. This ionic polymer showed a Tg at 210 °C. The 
exchange from tosylate to triflimide counterion resulted in lowering the Tg significantly 
by 56 °C. This decrease in Tg temperature was presumably due to the size of the 
triflimide counterion. One can deduce that the counterions have a significant impact on 
the thermal transitions of these polymers. This phenomenon is in excellent agreement 
with the reports of other poly(pyridinium salt)s33 as well as ionic liquids.25 Additionally, 
the amount of solvent molecules entrapped in an ionic polymer depends on the nature of 
counterions, since even after extensive drying in vacuo, polymer I-10 with 
tosylatecounterion entrapped significantly more solvent molecules compared to the 
triflimide polymer II-10. Figure 47 shows the X-ray powder diffraction (XRD) plot of 
polymers II-10 recorded at room temperature. It show broad diffraction peaks with 
relatively low intensities at both small and wide angles, which are the characteristic 
features of glassy phase of this ionic polymer. This result is in agreement with the DSC  
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Figure 46. DSC thermogram of polymers I-10 and II-10 obtained at heating and cooling 
rates of 10 °C/min. 
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Figure 47. XRD plot of powder sample of polymer I-10 recorded at room temperature. 
thermograms.These peaks can be assigned to the intermolecular short-range interactions 
that are parallel and perpendicular to the long axes of the polymer chain. The broad wide-
angle diffraction peaks at around 2θ = 19° that corresponded to the d-spacings of 4.6 Å 
are the distances of two aromatic ring planes between the polymer chains. The relative 
sharp, wide-angle diffraction peaks at around 2θ = 10° that corresponded to the d-
spacings of 8.6 Å are related to long-range order between the polymer chains. 
8.3.5 Optical Properties 
Many neutral light-emitting polymers (LEPs) have been developed,3-5 but there are a 
few examples that have a D-A chemical architecture.18-19 Here, we demonstrated how a 
D-A arrangement based on ambipolar moiety affects the optical propeties of 
poly(pyridinium salt)s. The fluorescence of polymer solutions in neutral condition was 
too low to measure. However, similar to some neutral heterocyclic polymers, we were 
able to observe light emission in both solution and solid states of these polymers after 
protonation by adding drops of concentrated HCl were added.45 Their photoluminescence 
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spectra in various solvents in acid media were displayed in Figure 48a. They exhibited 
λem in the narrow range of 602 nm to 605 nm light in various organic solvents having a 
wide range of polarities. Both polymers showed a λmax at 335 nm as detected by UV-Vis 
in methanol. The optical HOMO-LUMO gaps values (Eg) were estimated from the onsets 
of their UV-Vis absorption spectra and were found to be essentially identical value of 
3.28 ev. This value is large for neutral LEPs3c-e,4,5 but similar to those of previously 
reported poly(pyridinium salt)s.33 Their full-width at half-maximum (fwhm) values were 
greater than 100 nm, implying that their light emission spectra stemmed from a number 
of chromophoric species. In order to estimate their potential for optoelectronic devices, 
we studied the light-emitting properties in their thin film states. Figure 48b shows the 
photoluminescence spectra of polymers I-10 and II-10 in the film cast from methanol. 
They exhibited λem at 587 nm and 586 nm when excited with a 335 nm wavelength of 
light. There were hypsochromic shifts of 15 and 19 nm in the solid states when compared 
to those of their solution spectra. Unlike other poly(pyridinium salt)s reported 
previously33  and those in chapters 4-7  that normally emit blue or green light, these 
polymers exhibited orange light emission in both solution and film states. 
8.3.6 Morphology 
Preparation of thin films and fibers from the melts of polymers is a common approach 
to process them into functional devices. We examined the morphology of the 
poly(pyridinium salt)s in this study at these states. Polymer I-10 formed a very viscous 
melt upon heating above its Tg. As a result, thin films or fibers could not be produced. On 
the other hand, polymer II-10 efficiently formed a uniform thin film when heated above 
its glass transition temperature (not shown). There was no development of birefringence 
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Figure 48. Emission spectra of polymers I-10 and II-10 (a) in solution and (b) film 
casted from methanol protonated with HCl at various excitation wavelengths.  
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texture indicating that this film was isotropic with no specific order even after annealing 
it for 24 h. From the melt of this polymer, we were able to draw fibers at a thickness of 
ca. 100-150 µm with a pair of tweezers. Figure 49a shows a POM photomicrograph of 
this fibrous structure taken by using a red quarter plate. The surface of the fiber from 
polymer II-10 appeared relatively smooth, but there was some evidence of texture in the 
form of small furrows along its long axis. For additional elucidation of its morphology, 
we used SEM studies to observe the fiber morphology as shown in Figure 49b. Similar to 
the POM photomicrograph, the SEM image showed that this fiber had a very smooth 
surface. Even though it is not clearly observed in Figure 8b, the cross section of the fiber 
appeared to be hollow. In general, the formation of fibers in polymeric and molecular 
materials occurs by self-assembly through various intermolecular interactions such as 
hydrogen bonding, hydrophobic, electrostatic and van der Waals interactions. Both the 
mechanisms for the preparation of fibers from the melt of polymer II-10 and for the 
orientation the polymer chains inside the fibrous structures of these ionic polymers 
remains unknown at the present time. However, a combination of intermolecular 
interactions is presumably involved, but we cannot pinpoint the exact relationship of 
these interactions, which remain to be further studied. Next, we examined the 
morphology of polymer I-10 by using 2 wt% in methanol by TEM studies. Similarly, 
morphology of polymer II-10 by using 5 wt% acetonitrile solution was also examined. 
Figure 50 shows TEM images for both the ionic polymers. Even though the 
poly(pyridinium  salt)s in this study possessed the identical backbone of the polymeric 
chain, but they exhibited drastically different morphologies as the counterion was 
exchanged from tosylate to triflimide. Figure 50a shows that polymer I-10 formed well-  
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Figure 49. Images of drawn fiber of polymer II-10 from melt taken with (a) POM 
(Magnification 400x) and (b) SEM. 
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(a) 
 
(b) 
 
Figure 50. TEM images of (a) polymer I-10 (5000x) from 2 wt% CH3OH solution and 
(b) polymer II-10 (1400x) from 5 wt% CH3CN solution. 
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defined spheres of essentially identical sizes. In contrast, polymer II-10 formed an 
irregular, thin amorphous film as displayed in Figure 50b. The formation of spherical 
objects of this ionic polymer is presumably related to the aggregation phenomenon, 
which may also be related to the formation of lyotropic phase of these polymers. The 
aggregation phenomena of ionic polymers, irrespective of the nature of polyions  either 
rigid-rod or flexible, in water or in organic solvents  are quite  remarkable in general, 
since the macroions approach one another leading to the formation of aggregates instead 
of repulsion between like charges. The mechanism of this aggregation process remains 
unknown to date, but aggregation processes do occur in both flexible and rod-like 
polyelectrolytes as detected by various experimental techniques including light 
microscopy, dynamic and static light scattering, X-ray scattering, scanning force 
microscopy and TEM, among others.48 Overall, the morphology of these ionic polymers 
revealed some interesting properties with regard to their aggregation process that can be 
used as guidelines when incorporating them into useful high performance devices. 
8.4 Summary 
Two novel poly(pyridinium salt)s with tosylate and triflimide counterion were 
synthesized by either ring-transmutation polymerization or metathesis reaction. They 
contain a D-A system of electron-rich triphenyl amine moiety in conjunction with 
electron-deficient diphenylquinoline moiety. Their structures were characterized 
spectroscopically using FTIR, NMR and elemental analysis. They have excellent thermal 
stability and high glass transition temperatures. In addition, they were soluble in common 
organic solvents and in some cases exceeded critical concentration and produced 
lyotropic LC phases. Additionally, the morphology of the thin film states and melt drawn 
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fibers of these polymers were examined with POM, SEM and TEM. They emitted light in 
both the solution and solid state upon protonation with HCl. 
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CHAPTER 9  
CONCLUSIONS 
The molecular and polymeric materials described in this dissertation combine many 
positive physical properties. They had excellent thermal stability and high glass transition 
temperatures, which makes them suitable for high performance applications. Thin films, 
fibers and molds can be prepared from their melts, which had interesting morphologies. 
Additionally, they have very good solubility in various common organic solvents, 
therefore they could also be easily processed into thin films and fibers by either spin 
coating or ink-jet method avoiding cumbersome and expensive techniques like vapor 
deposition. In some cases poly(pyridinium salt)s are found to pass critical concentration 
to form a full grown lyotropic LC phase, which is a desirable quality found to strengthen 
high performance polymers like Kevlar.39  Additionally, both the bis(pyridinium salt)s 
and poly(pyridinium salt)s exhibit photoluminescence properties in solution state with 
wide range of polarity as well as in the solid state. Their light emission was as low as in 
the UV range and as high as the orange spectrum of light. Furthermore, their properties 
could be fine tuned by simple exchange of their counterion as required to suit their 
application. Their interesting physical properties makes these polymers as attractive 
materials for various electronic and opto-electronic applications such as OLEDs, light 
emitting OFETs, SCALE devices, organic photovoltaic cells and organic laser 
technology. Since they have ionic charges they could also be useful for LECs. Finally, 
these ionic materials could serve for the preparation of various multilayered 
nanoassemblies by either dipping or spin-assisted methods with an appropriate polyanion.  
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The future work of these projects would take two parallel paths. First one would 
involve a further chemical structure modification and analysis of both molecular and the 
polymeric materials. Even though the physical properties of the poly(pyridinium salt)s 
have been extensively explored with various moieties in their main chains, it is limited 
only to homopolymers. The next challenge would be to prepare various copolymers 
based on main chain ionenes and to analyze and optimize their thermal, solution, optical, 
electrochemical and mechanical properties. On the other hand, the ionic amorphous 
molecular materials are of particular interest since they belong to a new class of 
materials, which needs to be explored more comprehensively. Many questions remain to 
be answered regarding their structure property relationship regarding their physical 
properties, which would be helpful in order to develop target specific materials of this 
kind. Moreover, blends of these ionic amorphous materials may be lead to new materials 
with new unique properties; therefore it would be worth while investigating. The second 
path would involve the application of these materials. The preparation of functional 
optoelectronic devices based on both the bis(pyridinium salt)s and the poly(pyridinium 
salt)s described herein would be investigated. Their efficiency as HTLs, ETLs and 
emissive layers has to be assessed in order evaluate their potential more accurately for 
optoelectronics. Additionally, their usefulness as biological and chemical sensor should 
be evaluated. Overall, both the molecular and polymeric materials described in this 
dissertation are novel unique materials that are interesting not only for academic research 
but also in the electronic industry. 
  
139 
 
BIBLIOGRAPHY 
1. J. R. Lakowicz, Principles in Fluorescence Spectroscopy, Springer, New York, 3rd 
edn., 2006, ch. 3, p. 63. 
2. J. R. Lakowicz and C. D. Geddes, Advanced Concepts in Fluorescence Sensing Part 
A: Small Molecule Sensing,Topic in Fluorescence Sensing, Springer, 2005, New 
York, Vol. 9. 
3. (a) Pope, M.; Kallmann, H. P.; Magnante, P. J. Chem. Phys. 1963, 38, 2042. (b) 
Tang, C. W.; VanSlyke, S. A. Appl. Phys. Lett. 1987, 51, 913. (c) Burroughes, J. H.; 
Bradley, D. D. C.; Brown, A. R.; Marks, R. N.; Mackay, K.; Friend, R. H.; Burns, P. 
L.; Holmes, A. B. Nature 1990, 347, 539. (d) Gustafsson, G.; Cao, Y.; Treacy, G. M.; 
Klavetter, F.; Colaneri, N.; Heeger, A. J. Nature 1992, 357, 477. (e) Andersson, M. 
R.; Yu, G.; Heeger, A. J. Synth. Met. 1997, 85, 1275. 
4. (a) Kraft, A.; Grimsdale, A. C.; Holmes, A. B. Angew. Chem. Int. Ed. 1998, 37, 402. 
(b) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H.; Marks, R. N.; 
Taliani, C.; Bradley, D. D. C.; Santos, D. A. D.; Bredas, J. L.; Logdlund, M.; 
Salaneck, W. R. Nature 1999, 397, 121. (c) Mitschke, U.; Bauerle, P. J. Mater. Chem. 
2000, 10, 1471. (d) Akcelrud, L. Prog. Polym. Sci. 2003, 28, 875.  
5. (a) Bernius, M. T.; Inbasekaran, M.; O'Brien, J.; Wu, W. Adv. Mater. 2000, 12, 1737. 
(b) Kim, D. Y.; Cho, H. N.; Kim, C. Y. Prog. Polym. Sci. 2000, 25, 1089. (c) Leclerc, 
M. J. Polym. Sci. Part A: Polym. Chem. 2001, 39, 2867. (d) Yang, S.-H.; Hsu, C.-S. 
J. Polym. Sci. Part A: Polym. Chem. 2009, 47, 2713. (e) Grimsdale, A. C., Mullen, K. 
Adv. Polym. Sci. 2006, 199, 1. 
140 
 
6. (a) Pei, Q.; Yu, G.; Zhang, C.; Yang, Y.; Heeger, A. J. Science 1995, 269, 1086. (b) 
Gao, J.; Dane, J. Appl. Phys. Lett. 2003, 83, 3027. (c) Tracy, C.; Gao, J. J. Appl. Phys. 
2006, 100, 104503. (d) Bernards, D. A.; Flores-Torres, S.; Abruna, H. D.; Malliaras, 
G. G. Science 2006, 313, 1416. 
7. (a) Hepp, A.; Heil, H.; Weise, W.; Ahles, M.; Schmechel, R.; von Seggern, H. 
Physical Review Letters 2003, 91, 157406. (b) Ke, T.-H.; Gehlhaar, R.; Chen, C.-H.; 
Lin, J.-T.; Wu, C.-C.; Adachi, C. Appl. Phys. Lett. 2009, 94, 153307. 
8. (a) Moses, D. Appl. Phys. Lett. 1992, 60, 3215. (b) Tessler, N. Adv. Mater. 1999, 11, 
363. (c) McGehee, M. D.; Heeger, A. J. Adv. Mater. 2000, 12, 1655. 
9. (a) Antoniadis, H.; Hsieh, B. R.; Abkowitz, M. A.; Jenekhe, S. A.; Stolka, M. Synth. 
Met. 1994, 62, 265. (b) Tokito, S.; Tanaka, H.; Okada, A.; Taga, Y. Appl. Phys. Lett. 
1996, 69, 878. 
10. (a) Kido, J.; Nagai, K.; Okamoto, Y.; Skotheim, T. Appl. Phys. Lett. 1991, 59, 2760. 
(b) Zhang, C.; von Seggern, H.; Pakbaz, K.; Kraabel, B.; Schmidt, H. W.; Heeger, A. 
J. Synth. Met. 1994, 62, 35. 
11. (a) Liou, G.-S.; Yang, Y.-L.; Su, Y. O. J. Polym. Sci., Part A: Polym. Chem. 2006, 
44, 2587. (b) Liou, G.-S.; Lin, S.-M.; Yen, H.-J. Eur. Polym. J. 2008, 44, 2608. 
12. (a) Hoshino, S.; Ebata, K.; Furukawa, K. J. Appl. Phys. 2000, 87, 1968. (b) Janietz, S.; 
Anlauf, S.; Wedel, A. Macromol. Chem. Phys. 2002, 203, 433. (c) Adachi, C.; Baldo, M. A.; 
Forrest, S. R.; Thompson, M. E. App. Phys. Lett. 2000, 77, 904. (d) Wang, S.; Wu, P.; Han, 
Z. Macromolecules 2003, 36, 4567. (e) Herguth, P.; Jiang, X.; Liu, M. S.; Jen, A. K. Y. 
Macromolecules 2002, 35, 6094. (f) Monkman, A. P.; Palsson, L.-O.; Higgins, R. W. T.; 
Wang, C.; Bryce, M. R.; Batsanov, A. S.; Howard, J. A. K. J. Am. Chem. Soc. 2002, 124, 
141 
 
6049. (g) Hancock, J. M.; Gifford, A. P.; Tonzola, C. J.; Jenekhe, S. A. J. Phys. Chem. C 
2007, 111, 6875. (h) Zhang, X.; Jenekhe, S. A. Macromolecules 2000, 33, 2069. 
13. Kulkarni, A. P.; Tonzola, C. J.; Babel, A.; Jenekhe, S. A. Chem Mater 2004, 16, 
4556. 
14. (a) Wang, Y. Z.; Epstein, A. J. Acc. Chem. Res. 1999, 32, 217. (b) Hong, H.; Sfez, R.; 
Vaganova, E.; Yitzchaik, S.; Davidov, D. Thin Solid Films 2000, 366, 260.(c) Wang, 
C.; Kilitziraki, M.; MacBride, J. A. H.; Bryce, M. R.; Horsburgh, L. E.; Sheridan, A. 
K.; Monkman, A. P.; Samuel, I. D. W. Adv. Mater. 2000, 12, 217. 
15. (a) Jenekhe, S. A.; Zhang, X.; Chen, X. L.; Choong, V. E.; Gao, Y.; Hsieh, B. R. 
Chem. Mater. 1997, 9, 409. (b) Cui, Y.; Zhang, X.; Jenekhe, S. A. Macromolecules 
1999, 32, 3824. (c) Zhang, X.; Jenekhe, S. A. Macromolecules 2000, 33, 2069. 
16. (a) Kishigami, Y.; Tsubaki, K.; Kondo, Y.; Kido, J. Synth. Met. 2005, 153, 241. (b) 
Kim, Y.-H.; Jeong, H.-C.; Kim, S.-H.; Yang, K.; Kwon, S.-K. Adv. Funct. Mat. 2005, 
15, 1799. (c) Chen, C.-H.; Wu, F.-I.; Shu, C.-F.; Chien, C.-H.; Tao, Y.-T. J. Mater. 
Chem. 2004, 14, 1585. (d) Leung, L. M.; Lo, W. Y.; So, S. K.; Lee, K. M.; Choi, W. 
K. J. Am. Chem. Soc. 2000, 122, 5640. (e) Tang, B. Z.; Zhan, X.; Yu, G.; Lee, P. P. 
S.; Liu, Y.; Zhu, D. J. Mater. Chem. 2001, 11, 2974. 
17. (a) Shetty, A. S.; Liu, E. B.; Lachicotte, R. J.; Jenekhe, S. A. Chem. Mater. 1999, 11, 
2292. (b) Tonzola, C. J.; Kulkarni, A. P.; Gifford, A. P.; Kaminsky, W.; Jenekhe, S. 
A. Adv. Funct. Mater. 2007, 17, 863. (c) Hancock, J. M.; Jenekhe, S. A. 
Macromolecules 2008, 41, 6864. 
18. (a) Kulkarni, A. P.; Kong, X.; Jenekhe, S. A. Adv. Funct. Mater. 2006, 16, 1057.  (b) 
Hancock, J. M.; Gifford, A. P.; Zhu, Y.; Lou, Y.; Jenekhe, S. A. Chem. Mater. 2006, 
18, 4924. (c)Thomas, K. R. J.; Velusamy, J. T. L. M.; Tao, Y. T.; Chuen, C. H. Adv. 
142 
 
Funct. Mater. 2004, 14, 83. (d) Doi, H.; Kinoshita, M.; Okumoto, K.; Shirota, Y. 
Chem. Mater. 2003, 15, 1080. (e) Lai, R. Y.; Fabrizio, E. F.; Lu, L.; Jenekhe, S. A.; 
Bard, A. J. J. Am. Chem. Soc. 2001, 123, 9112. 
19. (a) Cravino, A. Polym. Int. 2007, 56, 943. (b) Liou, G.-S.; Huang, N.-K.; Yang, Y.-L. 
J. Polym. Sci., Part A: Polym. Chem. 2007, 45, 48. (c) Yamamoto, T.; Yasuda, T.; 
Sakai, Y.; Aramaki, S. Macromol. Rapid Commun. 2005, 26, 1214. (d) Jenekhe, S. 
A.; Lu, L.; Alam, M. M. Macromolecules 2001, 34, (21), 7315. 
20. (a) Champion, R. D.; Cheng, K.-F.; Pai, C.-L.; Chen, W.-C.; Jenekhe, S. A. 
Macromol. Rapid Commun. 2005, 26, 1835. (b) Babel, A.; Zhu, Y.; Cheng, K. F.; 
Chen, W. C.; Jenekhe, S. A. Adv. Funct. Mater. 2007, 17, 2542. 
21. Wang, Y. Z.; Gebler, D. D.; Lin, L. B.; Blatchford, J. W.; Jessen, S. W.; Wang, H. L.; 
Epstein, A. J. Appl. Phys. Lett. 1996, 68, 894. 
22. (a) Debenedetti, P. G.; Stillinger, F. H. Nature 2001, 410, 259. (b) Stillinger, F. H. 
Science 1995, 267, 1935. (c) Angell, C. A.; Ngai, K. L.; McKenna, G. B.; McMillan, 
P. F.; Martin, S. W. J. Appl. Phys. 2000, 88, 3113. 
23. (a) Shirota, Y. J. Mater. Chem. 2000, 10, 1. (b) Shirota, Y. J. Mater. Chem. 2005, 15, 
75. (c) Shirota, Y.; Kageyama, H. Chem. Rev. 2007, 107, 953. (d) Strohriegl, P.; 
Grazulevicius, J. V. Adv. Mater. 2002, 14, 1439. 
24. (a) Salbeck, J.; Yu, N.; Bauer, J.; Weissörtel, F.; Bestgen, H. Synth. Met. 1997, 91, 
209. (b) Kuwabara, Y.; Ogawa, H.; Inada, H.; Noma, N.; Shirota, Y. Adv. Mater. 
1994, 6, 677. (c) Slyke, S. A. V.; Chen, C. H.; Tang, C. W. Appl. Phys. Lett. 1996, 69, 
2160. 
143 
 
25. (a) Wilkes, J. S. Green Chemistry 2002, 4, 73. (b) Baudequin, C.; Brégeon, D.; 
Levillain, J.; Guillen, F.; Plaquevent, J.-C.; Gaumont, A.-C. Tetrahedron: Asymmetry 
2005, 16, 3921. (c) Greaves, T. L.; Drummond, C. J. Chem. Rev. 2007, 108, 206. (d) 
Kubisa, P. Prog. Polym. Sci. 2004, 29, 3. (e) Earle, M. J.; Esperanca, J. M. S. S.; 
Gilea, M. A.; Canongia Lopes, J. N.; Rebelo, L. P. N.; Magee, J. W.; Seddon, K. R.; 
Widegren, J. A. Nature 2006, 439, 831. (f) Valášek, M.; Pecka, J.; Jindřich, J.; 
Calleja, G.; Craig, P. R.; Michl, J. J. Org. Chem. 2004, 70, 405. 
26. Hough-Troutman, W. L.; Smiglak, M.; Griffin, S.; Reichert, W. M.; Mirska, I.; 
Jodynis-Liebert, J.; Adamska, T.; Nawrot, J.; Stasiewicz, M.; Rogers, R. D.; Pernak, 
J. New J. Chem. 2009, 33, 26. 
27. MacFarlane, D. R.; Forsyth, M. Adv. Mater. 2001, 13, 957. 
28. (a) Decher, G. Science 1997, 277, 1232. (b) Tang, Z.; Kotov, N. A.; Magonov, S.; 
Ozturk, B. Nat. Mater. 2003, 2, 413. (c) Jiang, C.; Markutsya, S.; Pikus, Y.; Tsukruk, 
V. V. Nat. Mater. 2004, 3, 721. (d) Lefaux, C. J.; Zimberlin, J. A.; Dobrynin, A. V.; 
Mather, P. T. J. Polym. Sci. Part B: Polym. Phys. 2004, 42, 3654. 
29. (a) Ho, P. K. H.; Kim, J.-S.; Burroughes, J. H.; Becker, H.; Li, S. F. Y.; Brown, T. 
M.; Cacialli, F.; Friend, R. H. Nature 2000, 404, 481. (b) Mendelsohn, J. D.; Barrett, 
C. J.; Chan, V. V.; Pal, A. J.; Mayes, A. M.; Rubner, M. F. Langmuir 2000, 16, 5017. 
(c) Cho, J.; Char, K.; Hong, J.-D.; Lee, K.-B. Advanced Materials 2001, 13, 1076. 
30. (a) Jiang, C.; Tsukruk, V. V. Soft Mat. 2005, 1, 334. (b) Markutsya, S.; Jiang, C.; 
Pikus, Y.; Tsukruk, V. V. Adv. Funct. Mater. 2005, 15, 771. 
31. (a) Moore, J. S.; Stupp, S. I. Macromolecules 1986, 19, 1815. (b) Han, H.; Vantine, P. 
R.; Nedeltchev, A. K.; Bhowmik, P. K. J. Polym. Sci. Part A: Polym. Chem. 2006, 
144 
 
44, 1541. (c) Bhowmik, P. K.; Han, H.; Nedeltchev, I. K. J. Polym. Sci. Part A: 
Polym. Chem. 2002, 40, 2015. 
32. (a) Katritzky, A. R.; Tarr, R. D.; Heilmann, S. M.; Rasmussen, J. K.; Krepski, L. R. J. 
Polym. Sci. Part A: Polym. Chem. 1988, 26, 3323. (b) Harris, F. W.; Chuang, K. C.; 
Huang, S. A. X.; Janimak, J. J.; Cheng, S. Z. D. Polymer 1994, 35, 4940. (c) 
Makowski, M. P.; Mattice, W. L. Polymer 1993, 34, 1606. (d) Huang, S. A. X.; 
Chuang, K. C.; Cheng, S. Z. D.; Harris, F. W. Polymer 2000, 41, 5001. (e) Lin, F.; 
Cheng, S. Z. D.; Harris, F. W. Polymer 2002, 43, 3421. (f) Spiliopoulos, I. K.; 
Mikroyannidis, J. A. J. Polym. Sci. Part A: Polym. Chem. 2001, 39, 2454. 
33. (a) Bhowmik, P. K.; Burchett, R. A.; Han, H.; Cebe, J. J. Macromolecules 2001, 34, 
7579. (b) Bhowmik, P. K.; Burchett, R. A.; Han, H.; Cebe, J. J. J. Polym Sci., Part A: 
Polym. Chem. 2001, 39, 2710. (c) Bhowmik, P. K.; Burchett, R. A.; Han, H.; Cebe, J. 
J. Polymer 2002, 43, 1953. (d) Bhowmik, P. K.; Han, H.; Cebe, J. J.; Nedeltchev, I. 
K.; Kang, S.-W.; Kumar, S. Macromolecules 2004, 37, 2688. (e) Bhowmik, P. K.; 
Han, H.; Nedeltchev, A. K. Polymer 2006, 47, 8281. (f) Bhowmik, P. K.; Han, H.; 
Nedeltchev, A. K. J. Polym. Sci. Part A: Polym. Chem. 2006, 44, 1028. (g) Bhowmik, 
P. K.; Kamatam, S.; Han, H.; Nedeltchev, A. K. Polymer 2008, 49, 1748. (h) 
Bhowmik, P. K.; Han, H.; Nedeltchev, A. K.; Mandal, H. D.; Jimenez-Hernandez, J. 
A.; McGannon, P. M. Polymer 2009, 50, 3128. (i) Bhowmik, P. K.; Han, H.; 
Nedeltchev, A. K.; Mandal, H. D.; Jimenez-Hernandez, J. A.; Mcgannon, P. M. J. 
Appl. Polym. Sci. 2010, 116, 1197. 
34. (a) Pirogov, A. V.; Krokhin, O. V.; Platonov, M. M.; Deryugina, Y. I.; Shpigun, O. A. 
J. Chromatogr. A 2000, 884, 31. (b) Hong, J.-D.; Jung, B.-D.; Kim, C. H.; Kim, K. 
145 
 
Macromolecules 2000, 33, 7905. (c) Sun, X.; Yang, Y.-k.; Lu, F. Polymer 1997, 38, 
4737.  
35. (a) Harrison, B. S.; Ramey, M. B.; Reynolds, J. R.; Schanze, K. S. J Am. Chem. Soc. 
2000, 122, 8561. (b) Yang, R.; Garcia, A.; Korystov, D.; Mikhailovsky, A.; Bazan, G. 
C.; Nguyen, T.-Q. J. Am. Chem. Soc. 2006, 128, 16532. (c) Fan, Q.-L.; Zhou, Y.; Lu, 
X.-M.; Hou, X.-Y.; Huang, W. Macromolecules 2005, 38, 2927. (d) Zhou, P.; 
Samuelson, L.; Alva, K. S.; Chen, C.-C.; Blumstein, R. B.; Blumstein, A. 
Macromolecules 1997, 30, 1577. (e) Lv, W.; Li, N.; Li, Y.; Li, Y.; Xia, A. J. Am. 
Chem. Soc. 2006, 128, 10281. 
36. Lu, Y.; Xiao, C.; Yu, Z.; Zeng, X.; Ren, Y.; Li, C. J. Mater. Chem. 2009, 19, 8796. 
37. Fery-Forgues, S.; Lavabre, D. J. Chem. Educ. 1999, 76, 1260. 
38. Iwamoto, H.; Sonoda, T.; Kobayashi, H. Tetrahedron Lett. 1983, 24, 4703. 
39. (a) Tanner, D.; Fitzgerald, J. A.; Phillips, B. R. Angew. Chem. Int. Ed. 1989, 28, 649. 
(b) Lin, J.; Sherrington, D. Adv. Polym. Sci. 1994, 111, 177. 
40. (a) Hill, J. P.; Jin, W.; Kosaka, A.; Fukushima, T.; Ichihara, H.; Shimomura, T.; Ito, 
K.; Hashizume, T.; Ishii, N.; Aida, T. Science 2004, 304, 1481. (b) Tsekova, D. S.; 
Escuder, B.; Miravet, J. F. Crystal Growth & Design 2007, 8, 11. 
41. Katritzky, A. R.; Brownlee, R. T. C.; Musumarra, G. Tetrahedron 1980, 36, 1643. 
42. (a) Tamami, B.; Yeganeh, H. Polymer 2001, 42, 415. (b) Tamami, B.; Yeganeh, H.; 
Kohmareh, G. A. Eur. Polym. J. 2004, 40, 1651. 
43. Li, L.; Kikuchi, R.; Kakimoto, M.-A.; Jikei, M.; Takahashi, A. High Perform. Polym. 
2005, 17, 135. 
146 
 
44. (a) Behniafar, H.; Banihashemi, A. Eur. Polym. J. 2004, 40, 1409. (b) Behniafar, H.; 
Banihashemi, A. Polym. Int. 2004, 53, 2020. (c) Behniafar, H.; Mirzai, A. A. K.; 
Saeed, A. B. Polym. Int. 2007, 56, 74. 
45. (a) Liaw, D.-J.; Wang, K.-L.; Chang, F.-C. Macromolecules 2007, 40, 3568. (b) 
Liaw, D.-J.; Wang, K.-L.; Chang, F.-C.; Lee, K.-R.; Lai, J.-Y. J. Polym. Sci. Part A: 
Polym. Chem. 2007, 45, 2367.  
46. (a) Stille, J. K. Macromolecules 1981, 14, 870. (b) Sutherlin, D. M.; Stille, J. K. 
Macromolecules 1985, 18, 2669. 
47. (a) Agrawal, A. K.; Jenekhe, S. A. Chem. Mater. 1992, 4, 95. (b) Agrawal, A. K.; 
Jenekhe, S. A. Chem. Mater. 1993, 5, 633. (c) Agrawal, A. K.; Jenekhe, S. A. Chem. 
Mater. 1996, 8, 579. (d) Jenekhe, S. A.; Zhang, X.; Chen, X. L.; Choong, V. E.; Gao, 
Y.; Hsieh, B. R. Chem. Mater. 1997, 9, 409. (e) Zhang, X.; Shetty, A. S.; Jenekhe, S. 
A. Acta Polym. 1998, 49, 52. (f) Zhang, X.; Shetty, A. S.; Jenekhe, S. A. 
Macromolecules 1999, 32, 7422. (g) Zhang, X.; Jenekhe, S. A. Macromolecules 
2000, 33, 2069. 
48. (a) Tanahatoe, J. J.; Kuil, M. E. J. Phys. Chem. B 1997, 101, 5905. (b) Kroeger, A.; 
Deimede, V.; Belak, J.; Lieberwirth, I.; Fytas, G .; Wegner, G. Macromolecules 2007, 
40, 105. (c) Bhowmik, P. K.; Cheney, M. A.; Jose, R.; Han, H.; Banerjee, A.; Ma, L.; 
Hansen, L. D. Polymer 2009, 50, 2393. 
 
  
147 
 
APPENDIX 1  
SUPPORTING INFORMATION FOR CHAPTER 4 
(a) 
 
(b) 
 
Figure S1. Space filling models of dication (a) Y1 (18.9 Å) and (b) Y2 (31.5 Å) obtained 
with ChemBio 3D Ultra. 
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Figure S2. Photograph of melt fibers drawn from compounds 2a and 2b irradiated with 
white light and UV light. 
  
2a 
2b 
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(a)                                                      (b)                                                 (c) 
 
Figure S3. POM images of fibers from melts of compounds (a) 1a (b) 1d (c) 2c 
(Magnification 400x).  
150 
 
(a)                                                                         (b) 
  
(c)                                                                          (d) 
  
Figure S4. SEM images of fibers from melts of compounds (a) 1a (b) 1d (c) 2a and (d) 
2c. 
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(a)                                                                    (b) 
    
(c)          (d) 
    
Figure S5. Photomicrographs of cancers cells stained with compound 2a, examined with 
fluorescence microscope: (a) bright field, (b) excited with UV light, (c) excited with blue 
light and (d) excited with green light (Magnification 100X).  
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(a)                                                  (b) 
    
Figure S6. Photomicrographs of cancers cells stained with compound 2a, examined with 
fluorescence microscope: (a) bright field and (b) excited with UV light (Magnification 
400X).  
(a)                                           (b) 
   
Figure S7. DNA gel electrophoresis stained with solutions of (a) ethidium bromide and 
(b) compound 1a visualized with a UV lightbox. 
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NMR Data: 
(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S8. (a) 1H and (b) 13C NMR spectra of 6-nitro-2,4-diphenyl-quinoline in d6-
DMSO recorded at room temperature. 
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(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S9. (a) 1H and (b) 13C NMR spectra of 6-amino-2,4-diphenyl-quinoline in d6-
DMSO recorded at room temperature. 
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(a) Compound 1a: 1H NMR 
 
(b) Compound 1a: 13C NMR 
 
Figure S10. (a) 1H and (b) 13C NMR spectra of compound 1a in d6-DMSO recorded at 
room temperature. 
ppm (t1)
0.05.0
8.
84
1
8.
65
0
7.
49
4
7.
48
2
7.
46
8
7.
46
2
7.
44
1
7.
39
5
7.
38
1
7.
36
4
7.
20
2
7.
19
5
7.
18
6
7.
08
7
7.
06
7
3.
32
8
2.
49
6
2.
26
1
-
0.
00
0
4
.00
3
.92
5
.96
3
.75
5
.86
15
.70
11
.62
ppm (t1)
050100150
15
6.
35
4
15
3.
73
5
14
5.
72
3
13
8.
90
7
13
7.
35
2
13
6.
55
2
13
2.
90
8
12
9.
84
8
12
9.
81
0
12
9.
64
4
12
8.
50
6
12
8.
40
3
12
7.
94
8
12
7.
86
6
12
5.
47
0
12
5.
34
8
39
.
41
1
20
.
65
5
-
0.
00
3
k 
j 
g+h 
d+e 
c+f+i 
a 
b  
156 
 
(a) Compound 1b: 1H NMR 
 
(b) Compound 1b: 13C NMR 
 
Figure S11. (a) 1H and (b) 13C NMR spectra of compound 1b in d6-DMSO recorded at 
room temperature. 
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(a) Compound 1c: 1H NMR 
 
(b) Compound 1c: 13C NMR 
 
Figure S12. (a) 1H and (b) 13C NMR spectra of compound 1c in d6-DMSO recorded at 
room temperature. 
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(a) Compound 1d: 1H NMR 
 
(b) Compound 1d: 13C NMR 
 
Figure S13. (a) 1H and (b) 13C NMR spectra of compound 1d in d6-DMSO recorded at 
room temperature. 
ppm (t1)
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(a) Compound 2a: 1H NMR 
 
(b) Compound 2a: 13C NMR 
 
Figure S14. (a) 1H and (b) 13C NMR spectra of compound 2a in d6-DMSO recorded at 
room temperature. 
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(a) Compound 2b: 1H NMR 
 
(b) Compound 2b: 13C NMR 
 
Figure S15. (a) 1H and (b) 13C NMR spectra of compound 2b in d6-DMSO recorded at 
room temperature. 
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(a) Compound 2c: 1H NMR (50 °C) 
 
(b) Compound 2c: 13C NMR (50 °C) 
 
Figure S16. (a) 1H and (b) 13C NMR spectra of compound 2c in d6-DMSO recorded at 50 
°C. 
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(a) Compound 2d: 1H NMR 
 
(b) Compound 2d: 13C NMR 
 
Figure S17. (a) 1H and (b) 13C NMR spectra of compound 2d in d6-DMSO recorded at 
room temperature. 
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APPENDIX 2 
SUPPORTING INFORMATION FOR CHAPTER 5 
(a) 1H NMR (95 °C) 
 
(b) 13C NMR (95 °C) 
 
Figure S18. (a) 1H- and (b) 13C-NMR spectra of compound 1a in d6-DMSO recorded at 
95 °C. 
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(a) 1H NMR (95 °C) 
 
(b) 13C NMR (95 °C) 
 
Figure S19.  (a) 1H- and (b) 13C-NMR spectra of compound 2a in d6-DMSO recorded at 
95 °C. 
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(a) 1H NMR  
 
(b) 13C NMR 
 
Figure S20. (a) 1H- and (b) 13C-NMR spectra of compound 3a in d6-DMSO recorded at 
room temperature. 
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(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S21. (a) 1H- and (b) 13C-NMR spectra of compound 1b in d6-DMSO recorded at 
room temperature. 
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(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S22. (a) 1H- and (b) 13C-NMR spectra of compound 2b in d6-DMSO recorded at 
room temperature. 
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(a) Compound 3b: 1H NMR 
 
(b) Compound 3b: 13C NMR 
 
Figure S23. (a) 1H- and (b) 13C-NMR spectra of compound 3b in d6-DMSO recorded at 
room temperature. 
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FTIR Spectra: 
 
Figure S24. FTIR spectrum of polymer I-1 recorded at room temperature. 
 
Figure S25. FTIR spectrum of polymer I-2 recorded at room temperature. 
170 
 
 
Figure S26. FTIR spectrum of polymer I-3 recorded at room temperature. 
 
Figure S27. FTIR spectrum of polymer II-1 recorded at room temperature. 
171 
 
 
Figure S28. FTIR spectrum of polymer II-2 recorded at room temperature. 
 
Figure S29. FTIR spectrum of polymer II-3 recorded at room temperature. 
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 NMR spectra: 
(a)  
 
(b)  
 
Figure S30. (a) 1H- and (b) 13C-NMR spectra of polymer I-1 in d6-DMSO recorded at 
room temperature. 
 
ppm (t1)
0.05.010.0
8.
89
3
8.
70
0
8.
21
2
7.
98
5
7.
97
0
7.
68
2
7.
58
1
7.
52
7
7.
44
9
7.
42
9
7.
40
4
7.
03
9
7.
01
9
3.
35
0
2.
50
1
2.
21
0
0.
00
0
1
.41
1
.44
2
.33
1
.55
2
.26
4
.47
6
.27
2
.08
3
.00
ppm (t1)
050100150
15
6.
36
6
15
3.
84
5
14
9.
77
9
14
9.
72
4
14
8.
80
0
14
8.
77
6
14
8.
66
7
14
8.
59
9
14
5.
60
2
13
9.
84
3
13
9.
77
9
13
8.
63
1
13
8.
58
8
13
7.
39
6
13
6.
65
4
13
2.
97
0
12
9.
85
6
12
9.
76
2
12
8.
88
3
12
7.
86
1
12
7.
19
8
12
5.
33
0
39
.
41
9
20
.
66
1
-
0.
00
2
173 
 
(a)  
 
(b)  
 
Figure S31. (a) 1H- and (b) 13C-NMR spectra of polymer I-2 in d6-DMSO recorded at 
room temperature. 
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(a)  
 
(b)  
 
Figure S32.  (a) 1H- and (b) 13C-NMR spectra of polymer I-3 in d6-DMSO recorded at 
room temperature. 
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(a)   
 
(b)  
 
Figure S33. (a) 1H- and (b) 13C-NMR spectra of polymer II-1 in d6-DMSO recorded at 
room temperature. 
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(a)  
 
(b)  
 
Figure S34. (a) 1H- and (b) 13C-NMR spectra of polymer II-2 in d6-DMSO recorded at 
room temperature. 
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(a)   
 
(b) 
 
Figure S35.  (a) 1H- and (b) 13C-NMR spectra of polymer II-3 in d6-DMSO recorded at 
room temperature. 
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(a)  
 
(b)  
 
Figure S36. TEM images of (a) polymer II-1 (1,700x) from 2 wt% CH3CN solution and 
(b) polymer II-2 (3,900x) from 5 wt% CH3CN solution. 
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APPENDIX 3 
SUPPORTING INFORMATION FOR CHAPTER 6 
(a) 1H NMR (95 °C) 
 
(b) 13C NMR (95 °C) 
 
Figure S37. (a) 1H and (b) 13C NMR spectra of compound 4a  in d6-DMSO recorded at 
95 °C. 
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(a) 1H NMR (95 °C) 
 
(b) 13C NMR (95 °C) 
 
Figure S38. (a) 1H and (b) 13C NMR spectra of compound 5a in d6-DMSO recorded at 95 
°C. 
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(a) 1H NMR 
 
(a) 13C NMR 
 
Figure S39.  (a) 1H and (b) 13C NMR spectra of compound 6a in d6-DMSO recorded at 
room temperature. 
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(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S40.  (a) 1H and (b) 13C NMR spectra of compound 4b in d6-DMSO recorded at 
room temperature. 
ppm (t1)
5.506.006.507.007.508.00
7.
93
1
7.
90
9
7.
76
2
7.
73
9
7.
58
7
7.
55
6
7.
55
0
7.
54
2
7.
50
3
7.
49
6
7.
49
0
7.
48
1
7.
14
5
7.
13
9
7.
12
3
7.
11
7
6.
77
0
6.
76
4
6.
66
6
6.
64
4
5.
48
4
5.
36
9
2
.01
1
.00
1
.21
3
.86
1
.03
0
.99
0
.98
2
.00
2
.03
2
.00
ppm (t1)
100110120130140150160
15
1.
93
4
15
0.
21
0
14
7.
28
7
14
5.
70
9
14
2.
92
3
13
9.
67
4
13
0.
70
1
12
9.
93
7
12
9.
25
7
12
8.
58
8
12
8.
18
6
12
7.
37
9
12
6.
96
1
12
2.
06
6
11
8.
32
8
11
4.
44
9
10
3.
58
9
 
a 
h 
f 
d 
b 
b 
g 
e 
i+j+k 
183 
 
(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S41.  (a) 1H and (b) 13C NMR spectra of compound 5b in d6-DMSO recorded at 
room temperature. 
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(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S42. (a) 1H and (b) 13C NMR spectra of compound 6b in d6-DMSO recorded at 
room temperature. 
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FT IR Data: 
 
Figure S43. FTIR spectrum of polymer I-4 recorded at room temperature. 
 
Figure S44. FTIR spectrum of polymer I-5 recorded at room temperature.  
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Figure S45. FTIR polymer of I-6 recorded at room temperature.  
 
Figure S46. FTIR spectrum of polymer II-4 recorded at room temperature.  
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Figure S47. FTIR polymer II-4 recorded at room temperature. 
 
Figure S48. FTIR spectrum of polymer II-6 recorded at room temperature.  
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NMR Data: 
(a) Polymer I-4: 1H NMR 
 
(b) Polymer I-4: 13C NMR 
 
Figure S49. (a) 1H and (b) 13C NMR spectra of polymer I-4 in d6-DMSO recorded at 
room temperature. 
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(a) Polymer I-5: 1H NMR  
 
(b) Polymer I-5: 13C NMR 
 
Figure S50. (a) 1H and (b) 13C NMR spectra of polymer I-5  in d6-DMSO recorded at 
room temperature. 
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(a) Polymer I-6: 1H NMR  
 
(b) Polymer I-6: 13C NMR 
 
Figure S51. (a) 1H and (b) 13C NMR spectra of polymer I-6 in d6-DMSO recorded at 
room temperature. 
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(a) Polymer II-4: 1H NMR  
 
(b) Polymer II-4: 13C NMR 
 
Figure S52. (a) 1H and (b) 13C NMR spectra of polymer II-4 in d6-DMSO recorded at 
room temperature. 
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(a) Polymer II-5: 1H NMR  
 
(b) Polymer II-5: 13C NMR 
 
Figure S53. (a) 1H and (b) 13C NMR spectra of polymer II-5 in d6-DMSO recorded at 
room temperature. 
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(a) Polymer II-6: 1H NMR  
 
(b) Polymer II-6: 13C NMR 
 
Figure S54. (a) 1H and (b) 13C NMR spectra of polymer II-6  in d6-DMSO recorded at 
room temperature. 
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APPENDIX 4 
SUPPORTING INFORMATION FOR CHAPTER 7 
(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S57. 1H and 13C NMR spectra of 6,6΄-diamino-4,4΄-phenylbisquinoline in d6-
DMSO recorded at room temperature. 
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(a) 1H NMR 
 
(b)  13C NMR 
 
Figure S58. 1H and 13C NMR spectra of 6,6΄-diamino-4,4΄-phenyl-2,2΄-(1,4-
phenylene)bisquinoline in d6-DMSO recorded at room temperature. 
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(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S59. 1H and 13C NMR spectra of 6,6΄-diamino-4,4΄-phenyl-2,2΄-(1,12-bis(4-
phenoxy)dodecane)bisquinoline in d6-DMSO recorded at room temperature. 
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FT IR Data: 
 
Figure S60. FTIR spectrum of polymer I-7 recorded at room temperature.  
 
Figure S61. FTIR spectrum of polymer I-8 recorded at room temperature.  
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Figure S62. FTIR spectrum of polymer I-9 recorded at room temperature.  
 
Figure S63. FTIR spectrum of polymer II-7 recorded at room temperature.  
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Figure S64. FTIR spectrum of polymer II-8 recorded at room temperature.  
 
Figure S65. FTIR spectrum of polymer II-9 recorded at room temperature. 
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NMR Data: 
(a) Polymer I-7: 1H NMR  
 
(b) Polymer I-7: 13C NMR 
 
Figure S66. (a) 1H and (b) 13C NMR spectra of polymer I-7 in d6-DMSO recorded at 
room temperature. 
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(a) Polymer I-8: 1H NMR  
 
(b) Polymer I-8: 13C NMR 
 
Figure S67. (a) 1H and (b) 13C NMR spectra of polymer I-8 in d6-DMSO recorded at 
room temperature. 
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(a) Polymer I-9: 1H NMR  
 
(b) Polymer I-9: 13C NMR 
 
Figure S68. (a) 1H and (b) 13C NMR spectra of polymer I-9 in d6-DMSO recorded at 
room temperature. 
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 (a) Polymer II-7: 1H NMR 
(b) Polymer II-7: 13C NMR
Figure S69. (a) 1H and (b) 
room temperature. 
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(a) Polymer II-8: 1H NMR 
 
(b) Polymer II-8: 13C NMR 
 
Figure S70. (a) 1H and (b) 13C NMR spectra of polymer II-8 in d6-DMSO recorded at 
room temperature. 
ppm (t1)
6.07.08.09.010.0
8.
88
2
8.
67
7
8.
46
7
8.
46
4
8.
46
2
8.
45
8
8.
45
5
8.
44
9
8.
44
6
8.
42
3
8.
42
0
8.
16
7
8.
16
5
8.
15
3
8.
15
1
8.
13
9
8.
13
7
8.
07
6
7.
88
2
7.
85
5
7.
85
3
7.
65
3
7.
63
5
7.
61
7
7.
57
1
7.
48
4
7.
44
2
7.
14
9
7.
13
5
6.
83
9
1
.00
0
.57
0
.64
1
.31
0
.52
2
.00
3
.60
0
.77
ppm (t1)
110120130140150160170
15
6.
49
1
14
9.
24
5
14
9.
21
4
14
9.
18
5
13
6.
18
8
13
3.
08
6
13
0.
03
6
12
9.
97
7
12
9.
90
6
12
9.
86
0
12
9.
77
9
12
9.
68
3
12
9.
62
7
12
9.
50
7
12
8.
77
6
12
5.
89
9
12
5.
86
5
12
5.
82
2
12
5.
78
5
12
5.
76
2
12
5.
71
8
12
5.
65
9
12
5.
56
3
12
4.
19
7
12
0.
99
5
12
0.
06
9
11
7.
79
1
205 
 
(a) Polymer II-9: 1H NMR 
 
(b) Polymer II-9: 13C NMR 
 
Figure S71. (a) 1H and (b) 13C NMR spectra of polymer II-9 in d6-DMSO recorded at 
room temperature. 
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APPENDIX 5 
SUPPORTING INFORMATION FOR CHAPTER 8 
(c) 1H NMR 
 
(b) 13C NMR 
 
Figure 72. (a) 1H and (b) 13C NMR spectra of N,N-bis(4-aminophenyl)-2,4-
diphenylquinolin-6-amine in d6-DMSO recorded at room temperature. 
 
ppm (t1)
5.005.506.006.507.007.508.008.50
8.
31
7
8.
24
6
8.
24
2
8.
22
4
7.
87
0
7.
84
7
7.
81
8
7.
52
4
7.
52
0
7.
51
6
7.
51
3
7.
50
4
7.
50
0
7.
48
3
7.
45
0
7.
43
8
7.
43
4
7.
42
6
7.
42
1
7.
22
4
7.
21
7
7.
20
1
7.
19
4
7.
05
2
7.
04
5
6.
87
6
6.
87
1
6.
86
0
6.
85
5
6.
56
7
6.
56
2
6.
55
1
6.
54
6
5.
02
5
0
.71
2
.13
1
.05
1
.05
4
.41
4
.23
1
.02
1
.04
4
.19
4
.24
4
.00
ppm (t1)
110120130140150160
15
2.
47
6
14
8.
24
5
14
6.
60
6
14
6.
32
9
14
3.
80
3
13
9.
69
6
13
8.
54
6
13
5.
87
9
13
0.
68
5
13
0.
04
2
12
9.
45
4
12
9.
36
6
12
9.
04
9
12
8.
91
9
12
7.
80
3
12
7.
36
8
12
6.
68
4
12
3.
53
1
11
9.
41
0
11
5.
41
9
10
8.
18
2
 
N
NH2H2N
N
1
2
3
6
7
9
12
15
16
17
19
20
21
4
5
10
11
18
13
14
 
h 
k 
f 
g 
j,i 
e 
b 
a 
m,l 
d 
c 
 
13 
11 
1 
8 
5 14 
18 
4 
7 
12 
20,21 
16,17 3 
15 
19 
10 
6 2 
9 
207 
 
(a) 1H NMR 
 
(b) 13C NMR 
 
Figure S73. (a) 1H and (b) 13C NMR spectra of N,N-bis(4-nitrophenyl)-2,4-
diphenylquinolin-6-amine in d6-DMSO recorded at room temperature. 
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FT IR Data: 
 
Figure S74. FTIR spectrum of polymer I-10 recorded at room temperature. 
 
Figure S75. FTIR spectrum of polymer II-10 recorded at room temperature. 
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Polymer NMR Data: 
(a)  
 
(b)  
 
Figure S76. (a) 1H and (b) 13C NMR spectra of polymer I-10 in d6-DMSO recorded at 
room temperature. 
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(a)  
 
(b) 
 
Figure S77. (a) 1H and (b) 13C NMR spectra of polymer II-10 in d6-DMSO recorded at 
room temperature. 
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